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ABSTRACT
In this d isserta tion , we m easure the cross section for the elastic scattering 
of electron neutrinos on electrons. We use d a ta  from  the LSND experim ent 
which is located a t the  Los Alamos Neutron S cattering  Center at Los Alamos 
N ational Laboratory, New Mexico. The neutrino beam  is produced when an 
800 MeV proton  beam  from a linear accelerator is incident on a target lo­
cated  29.8 m from the detector. The LSND veto system  allows us to reject 
charged cosm ic-ray particles entering the detector w ith high efficiency. The 
detector consists of 180 tons of mineral oil. to  which a small quantity  of 
scintilla tor is added. This com bination enables us to  detect both Cerenkov 
and scintillation light produced by highly relativ istic  charged particles. For 
the neutrino-electron elastic scattering  process, we detec t the recoil electron 
and require it to  be scattered along the direction o f the  incident neutrino. 
This requirem ent has a large acceptance for the  elastic scattering events 
while a t the  sam e tim e it reduces the background due to other processes. 
We obtain  133 ±  22 events for the  uee~ —> uee~ process and measure a 
cross section, cr =  [11.6 ±  1.9(sfaf.) ±  lA (sys t.)]  x fs^ M eV ) x 10- 45cm 2, 
for this reaction. The average energy of the ue beam  at LSND is 31.7 MeV. 
A feature of th is reaction is th a t it can proceed through either charged cur­
rent or neutral current interactions. The s tan d ard  model of electroweak 
interactions predicts a destructive interference betw een these two channels 
which leads to  a  reduction in the cross section from its value had there been 
no interference. We measure the  strength of th is destructive interference,
xii
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I  =  —0.8 8 ± 0.22(.sfaf.) ± 0.11(sy.st.). and com pare it to  a value of /  =  —1.08 
predicted by the s tandard  model of electroweak interactions.
xiii
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C H A PT E R  1
IN TR O D U C TIO N
In th is d isserta tion , we present a  m easurem ent of the  cross section for the  
e lastic  sca ttering  process.
i'e +  e -  -> ue +  e~.
T his purely leptonic process is of interest because it proceeds via both charged 
cu rren t and neutra l current interactions. T here  exists an interference term  
betw een these two channels. The standard  model (SM) of electroweak in­
teractions predicts a destructive interference effect whose strength we will 
m easure and  com pare with its SM value.
The d a ta  was obtained at experim ent E l 173, also known as the Liquid 
S cin tillator N eutrino D etector (LSND) experim ent. T he LSND collabora­
tion is listed in the  A ppendix. This experim ent is located a t the Los Alamos 
N ational Laboratory. New Mexico. The neutrino beam  is produced by an 
S00 MeV proton beam  which is incident on a ta rget 29.8 m from the detec­
to r. The detection apparatus consists of a 180 ton tank, filled with liquid 
scin tilla to r and  surrounded by a veto system .
1.1 O verview
Let us briefly sketch the organization of this d issertation. We will describe 
th e  theory  for the  uee~ —>• uee~ elastic scattering  process in C hapter 1. T he
1
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production of the  neutrino beam  is discussed in C hapter 2. T he LSND 
detector and  the d a ta  aquisition system  are described in C hapters 3 and 4 
respectively.
YVe will describe the event reconstruction  procedure in C hapter 5 where 
the raw d a ta  from photom ultiplier channels is processed into event informa­
tion th a t can be used for our analysis. C hapters 6 and 7 are devoted to 
the event selection procedure and in C h ap ter 8 we present the  results of our 
analysis. Finally, the conclusions are presented  in C hapter 9.
1.2 The Electroweak Force
A com m on aim  of all science is to  explain  as m any facts as possible with 
a few sim ple principles. There have been and  continue to be efforts to cor­
relate apparen tly  different phenom ena and . if possible, achieve a unification, 
wherein th e  source of these phenom ena are explained by one common set of 
hypotheses.
The s tu d y  of fundam ental forces is an exam ple of this process of unifi­
cation. O ur present-day understanding d ic ta tes  th a t m atter is composed of 
quarks and  leptons. They are term ed as ^elem entary particles” and there 
exist th ree  generations for both quarks and  leptons.
quarks , (  “ )  (  '  )  (  ‘ )
leptons : (  *  )  (  )  (  7  )
There are four fundam ental forces in n a tu re  which cause interactions be­
tween the  elem entary  particles. They are listed below in the order of increas­
ing m agnitude.
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31. G ravitational,
2. Weak.
3. E lectrom agnetic, and
4. Strong.
The electrom agnetic and the weak forces were unified by the  W einberg- 
Salam theory [1. 2. 3] of electroweak interactions. We will briefly discuss 
this unification process, m entioning some historical developm ents in what is 
currently  called the s tandard  model of electroweak interactions.
In 1865. Maxwell unified two seemingly different branches of physics, 
electricity  and m agnetism , when he proposed a single theory of electrom ag­
netism  [4]. Later, efforts were m ade to include q uan tum  physics and  relativ ity  
into electrom agnetism , yielding the  field theory of quan tum  electrodynam ics 
(Q ED). By the 1940s. a  com plete and renorm alizable QED theory was con­
structed  [5, 6 . 7]. It has been phenom enally successful in m aking detailed 
predictions of electrom agnetic effects and becam e a  m odel for all future the­
ories of particle interactions.
In the m eantim e, th e  observation of nuclear beta-decay signalled the  pres­
ence of another force, the  weak nuclear force. A beta-decay occurs when a 
proton, w ithin the nucleus, changes into a  neutron w ith the emission of a 
positron. Since there were no traces of o ther particles, it was naturally  as­
sum ed th a t the positron was the only particle em itted  in beta-decay. This 
assum ption led to the  following anom alies. T he positron, in most cases, did
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4not carry away the full am ount of energy available from  the nuclear transi­
tion. Thus instead o f a m onoenergetic spectrum , one observed a continuous 
positron energy spectrum . Also the law of conservation of angular momen­
tu m  seemed to be violated  for beta-decay. To rem edy these anomalies, Pauli, 
in 1930. postulated th e  presence of a neutral spin one-half particle, which 
is em itted  in beta-decay along with the positron [8]. This particle, named 
"neutrino"’ (little  neu tra l one) by Fermi, would p artic ip a te  only through weak 
interactions. It would account for the invisible energy and conserve angular 
m om entum  in beta-decays.
Fermi then suggested a theory of beta-decay [9] by introducing a 4-fermion 
interaction. This theory  was inspired by the  s tru c tu re  of electrom agnetic 
interactions in QED. A 4-fermion interaction for neu tron  decay is shown in 
Fig. 1.1. The invariant am plitude, M .  for this decay is given as
M  = G F in - fp l iV 'lu e ) ,
where Gp  is a weak coupling constant term ed the Ferm i constant.
The occurance of Gamow-Teller [10] transitions in addition to Fermi tran ­
sitions in beta-decays indicated tha t the Lorentz s tru c tu re  of the 4-fermion 
interaction could not be purely vector (V) as hypothesized by Fermi. We 
now know th a t the charged current-current in teraction  is (V-A) and parity 
is violated for this interaction.
However, until th e  late 1950s parity was thought to  be conserved for all 
forces, including weak interactions. In 1956. Lee and  Yang made a critical 
survey of all weak in teraction  data  and suggested th a t parity  was not con­
served for weak interactions [11]. Soon a variety of experim ents [1*2, 13,14, 15]
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5Ve
e
Figure 1. 1: The 4-ferm ion interaction.
confirm ed the  parity  violation effect in weak interactions. A (V-A) the­
ory [16. 17. 18]. in fact, suggested m axim al p a rity  non-conservation. Indeed 
by 1959. the  weak interactions were confirm ed to have the (V-A) s tru c tu re  
w ith Ferm i's original 7 ** replaced by 7 M(1 — 7 5).
C ontinuing with the story of unification, th e  long ranged electrom agnetic 
force seemed very different from the short ranged weak nuclear force. The 
electrom agnetic  force is m ediated by th e  photon, which being massless. ex­
plains the long ranged nature of th e  force. A na tu ra l way to  explain the  
short ranged na tu re  of weak interactions (just 10-16 m) is to  assum e th a t 
th e  carrier of the  force is very heavy. Thus the  VV boson was postu lated  and 
la te r estim ated  to be approxim ately 100 tim es the  mass of a proton.
T he weak interactions are now known to proceed through two channels, 
th e  charged current (CC) and the neu tra l curren t (NC). The charged current 
reaction involves the  exchange of a  charged VV boson. Here, if a neutrino
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
6enters the reaction, its p a rtner, the  charged lepton, will be produced due 
to the VV exchange. T he neu tral current reaction involves no exchange of 
charge. Thus a reaction in itia ted  by a neutrino proceeds via th e  exchange of 
a neutral Z boson and  produces a neutrino in the final state .
Until now, whenever we m entioned weak interactions we were im plicitly 
refering to charged current weak interactions. This is because the early 
experim ents only detec ted  events of the  charged current variety. There were 
no indications of weak neu tra l current interactions. In particu lar, during 
the 1960s. there were extensive efforts to find flavor changing weak neutral 
currents in the  decay of strange particles [19. 20, 21, 22]. T h e  absence of 
the flavor changing weak neu tral currents was erroneously in terp re ted  as the 
absence of all neutral currents.
However, a renorm alizable theory of electroweak interactions had been 
proposed which required the  presence of both charged current and neutral 
current interactions. In addition  to  the  charged VV boson, th e  VVeinberg- 
Salam theory [1. 2. 3] predicted the  existence of a neutral Z boson, the 
exchange of which lead to  neu tral currents. Hence the absence of neutral 
current interactions was a m ajor problem  towards the unification of weak 
and electrom agnetic forces.
It was not until the  early 1970s, when energetic neutrino beam s became 
available, th a t the first neu tral current weak interaction events were detected  
both at CERN [23, 24] and Ferm ilab [25]. Also in 1970, the  GIM mecha­
nism [26] explained th e  absence of flavor changing weak neutral currents and 
served to establish the  W einberg-Salam  theory. Additional confirm ation was
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presented in 1983 when CERN announced, in quick succession, the  discov­
eries of the VV boson [27. 28] and then the  Z boson [29, 30]. All this firmly 
established what we currently  call the standard  model of electroweak inter­
actions.
W ithin the standard  model, the  neutrino is, by definition, a massless 
particle. As a  result, its helicity is fixed: the  neutrino is left-handed and its 
anti-particle right-handed.
1.3 E lectron N eutrino-E Iectron  E lastic Scattering
The neutrino in teracts through weak interactions only. Neutrino-electron 
elastic scattering is a  clean reaction, involving two point-like objects. There 
are no hadronic com ponents to this reaction. In this d issertation, our goal 
is to measure the electron neutrino-electron elastic scattering  cross-section. 
This reaction can occur via both the charged current and the  neutra l current 
channels, as shown in Fig. 1.2.
1.3.1 The Charged Current R eaction
The CC reaction, as discussed previously, has a (V-A) structu re . The 
Lagrangian can be w ritten  as [31]
Cc c  =
For later convenience, we perform a Fierz reordering, whereby we ex­
change two lepton term s w ithin the Lagrangian [31]. This results in an 
overall negative sign.
Cc c  =  V/26> (k ,7<x 1 ^ 15U '){eY  1 y  -e).
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Figure 1.2: T he CC and  NC channels for the i/ee" 
reaction.
time
uee~ elastic scattering
The massless neu trino  is a left-handed particle in th e  s tandard  model. 
However the electron can have a right-handed as well as a  left-handed com­
ponent. The (1 — 7 5) term  couples to  the left-handed com ponent of the 
electron while a (1 +  7 °) term  couples to the right-handed com ponent.
From the expression for Cc c  we see tha t CC interactions couple only 
to the left-handed com ponent of the electron. W riting th e  Lagrangian to 
explicitly em phasize th e  handedness we have,
r c c  G f  , ~ _ 1 - 7 s . . w=_ ur_ccl - 7 5 ,
£  ~  ^  [9 l +  Q r  ] e ) i
where gfc =  2 and g^c =  0.
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91.3.2 The N eu tra l C urrent R eaction
The form for the  NC reaction is not (V-A) and involves replacem ent of 
the |(1  — 70) term  by [31]
c a 7  ) *
where cv and ca are the  vector and axial-vector com ponents. In the  standard 
model (SM) these coefficients, for electrons, are given by [31]
cv =  2 sin2 9w  — 1 /2
and
ca =  —1 /2 .
whereas, for neutrinos, they are
<  =  1
and
<  =  1-
The angle Ow is the  W einberg angle or the  weak mixing angle of the SM. For 
the  NC reaction, the  Lagrangian term  is then
£ iV C  =  9  l h v e ) ( e Y [ c v  -  Ca 7 3 ] e ) .
Again, writing it to  em phasize the handedness, we obtain
f S C  F  1  / 5  w  -  m T  n c  ^  f  i t i c  ^  7  ]  \
^  = - ^ = ( ^ 7  t i— — ^ ) ( n M[gi — —  +  gr — 5— Je) ,
where
g?c = (cv + ca)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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and
9rc = (Cv~  ca )>
gPc and g?c are known as the electron chiral coupling constants.
The to ta l Lagrangian for the electron neutrino-electron elastic sca tte ring  
process is then
C -  = + g n l- ~ -  +  (9,“  +
1.3.3 K inem atics
In the center of mass (CM) frame, the  uee~ uee~ process involves 
a 2-body collision between two extrem ely relativistic point-like ob jects, as 
shown in Fig. L.3. The primes distinguish the final outgoing particles from 
the initial incident particles.
Figure 1.3: Neutrino-electron elastic scattering  in the CM fram e
Let us define the Lorentz invariant quantity
_  Pe'P'V-y — fiPt'epCfl
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where p* is the  4-mom entum and final states are identified by prim es. In the 
Lab frame
E e
y = E ~ '
where EUc is the incident neutrino energy and Ee> is the  recoil energy of the 
electon which was initially at rest. Thus y is the fractional energy im parted  
to the electron and
0 <  y  <  1.
The variable, y, along with the incident neu trino  energy, E u,,  com pletely 
describe the kinem atics of the collision. In the  C en ter of Mass (CM ) fram e, if 
9 is the angle of the outgoing neutrino  with respect to the  incident neutrino 
direction we have.
y  =  ^(1 -  cos6).
The to tal Lagrangian, C tot, is a  sum of the left and right-handed com­
ponents. The two components contribu te  incoherently  towards the  to tal 
cross-section. The differential cross-section is given by
X  =  l ( a T  +  ft” ) 2 +  (1 -  y ) H g f  +  < n 2K
where
G F r?
^  =  I T
The (1 — y )2 term , obtained when a left-handed neutrino is coupled to a 
right-handed electron, can be understood in te rm s of conservation of angular 
m om entum . The back-scattering of the neutrino is disallowed, as shown in 
Fig. 1.4. Hence
cosQ 7^ —1,
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which implies y ^  1. T he (1 — y )2 term  ensures th a t th e  cross-section vanishes 
a t y  =  1.
Forward: Allowed
Jzinitial=—1
J Gnal= _1z
BackwardrDisallowed
J zfinal= l
Figure 1.4: Angular m om entum  conservation for the  ueeR veeR process.
In the case of ueeL —> ueeL
r in i t i a l
J Z =  o
and there is no restriction on back-scattering. In fact the  con tribu tion  to the 
cross-section from this te rm  is isotropic in space. Also it is th e  dom inant 
contribution  to the  cross-section as (gfc +  g f c)2 3 > (fi£c + ^ ”c)2-
All experim entally  m easured quantities are defined w ith respect to  the 
Lab frame of reference and. henceforth, the choice of th e  Lab fram e will be 
im plicitly assum ed.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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A characteristic feature of the  uee~ —»• i/ee~ process is th a t, for m ost cases, 
the  recoil electron is scattered along the d irection of the incident neutrino . 
Let us define 0  as the  angle between the  direction of the recoil e lectron  and 
the incident neutrino direction. Expressing cos 0  in term s of th e  neutrino  
energy. E„, . and the energy of the  recoil electron. Ee> , we have
C O S 0  =  [1 + 2 ( m e/ £ e,)(l  -  Ee. / E uJ ( l  +  m e/ 2 E u<) / ( l  +  m e/ E U' ) 2} - 112.
where m e is the  mass of the electron.
For an electron to be detected at the  LSND experim ent, we m ust have 
Efi 2 > m e. Using this approxim ation, we ob tain
m.  Ee.
cos 0  ~  1 — (1 -  — ).
L e’ t ,Ue
A plot of the  cos 0  distribution, for the ue beam  at LSND, is shown in Fig. 1.5.
1.3 .4  Interference Term
To calculate the  total cross-section, we in tegrate  the differential cross- 
section. d a /d y .  over y
= [(sr + sr )2 + j(s.“ + Sr” )2K
Expanding, we have
=  [{ ( s f )2} +  {29r < , n  +  { ( s H 2 +  j ( s r  )2}ko  =  c c  +  o '  +  a N c .
where a c c  (o"v c ) is the cross-section, had the  reaction proceeded only through 
the C’C (NC) channel, a 1 is a contribution to  the  cross-section because of 
interference between the CC and NC channels.
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Figure 1.5: T he cos 0  distribution. 
A dimensionless interference term . / .  is defined as
Expressing /  in term s of sin2 Qw• we obtain
/  =  g T g r  =  4 sin2 9W — 2.
1.4 A Check of th e  Standard M odel
The uee~ —t uee~ process is one of the  few processes which yields a sig­
nificant and m easurable interference effect between the  charged current and 
neutral current processes. T he interefrence term  I  = g f g ;nc is determ ined by 
the value of sin2 B\v in the s tan d ard  model and is negative. This destructive
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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interference leads to a reduction  in the  final cross-section by 45% com pared 
to the cross-section had the  reaction proceeded only through th e  charged 
current channel.
We will measure this interference term  and verify w hether or not it is 
negative. We will then com pare this m easured value to the  value predicted 
by the standard model. T his serves as a check of the s tan d ard  m odel. Also 
a value of sin2#w. one o f the  few input param eters to  the  s tan d a rd  model, 
can be extracted from th e  interference term .
The interference effect we m ention here is different from th e  electroweak 
interference observed in the  e+e_ —>• fi+y.~ reaction which occurs because the 
annihilation reaction can proceed via the  exchange of e ither a photon  or a Z 
boson. The resulting interference effect has been studied by m easuring the 
forward-backward asym m etry  for this reaction.
We are interested in the  interference between the  W and  th e  Z boson 
exchange and only a few o th e r processes dem onstrate this interference. They 
are listed below.
1 .4 .1  T h e  v,.e —> uee R e a c t io n
This process is shown in Fig. 1.6. The measured cross-section [32] is in 
agreem ent with the expected destructive  interference, but is also consistent 
w ith a purely charged current interaction. Thus the experim ental errors are 
too large to make a q u an tita tiv e  s ta tem en t on the interference.
1 .4 .2  T h e  e+e" —► ~fvv R e a c t io n
This “single photo-production" reaction is shown in Fig. 1.7. O nly a  single 
photon is detected and th e  rem aining energy is carried by invisible particles.
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Figure 1.6: VV and Z exchange in the  uee —► uee reaction.
All th ree  flavors of neutrinos are produced by the  neutral current reaction but 
the  charged current produces only the electron neutrinos. According to the 
s tan d ard  m odel, the NC/'CC interference produces a  10 percent reduction in 
the cross-section determ ined from Z-exchange only. The OPAL Collaboration 
has reported  447 single photon candidates [33] near the Z°  resonance. The 
d a ta  is consistent w ith the SM W contribution but can also be described 
satisfactorily  w ithout any VV contribution.
: w
i = e, (i, t
time----
Figure 1.7: Single photo-production in e+e_ collisions.
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1.4 .3  The R eaction
The i/-trident reaction is characterized by coherent tri-lep ton  production 
and no visible hadronic energy. The Feynman diagram s for this process are 
shown in Fig. 1.8. The CH ARM -II group has reported  55 ±  17 i/-trident 
events, in comparison w ith th e  SM expected rate  of 35 [34].
The CCFR experim ent reported a trident signal, a fter all efficiency cor­
rections. of 37.0 ±  12.4 [35]. The predicted num ber of events from just 
W-exchange is 78.1 ±  3.9 and  th a t using the SM W and Z exchange is 45.3 
±  2.3. The data  rules out a t 99% CL the exchange of ju s t the  VV boson, 
w ithout any interference.
1.5 Previous N eu trin o-E lectron  Scattering M easu rem en ts
This dissertation presents d a ta  collected a t the LSND experim ent. This 
experim ent is located a t th e  Los Alamos Neutron S cattering  C enter (LAN- 
SCE), previously known as Los Alamos Meson Physics Facility (LAM PF). 
Previous neutrino experim ents at accelerator facilities were generally con­
ducted with neutrino beam s of higher energies than  th a t a t LSND. Also the
N N
time
Figure l.S: VV-Z interference in the ^-trident reaction.
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mechanism of production of these neutrino beam s was different. Only muon 
neutrinos (or m uon antineutrinos) were produced in large num bers from pion 
decay-in-flight (D IF), with energies of the order of a  few GeV. CHARM [36]. 
the  US-.Japan Neutrino Experim ent [37] and  C H A RM -II [38] all reported the
scattering cross-sections. Both reactions proceed only 
through the neutral current channel and do not produce an interference term .
At LSND we do have a small fraction o f DIF neutrinos with an average 
energy of about 100 MeV. However the m ain source o f neutrinos is from <r+ 
and / j . +  decav-at-rest (DAR). The average energy of these neutrinos is around 
30 MeV. More im portantly, the DAR chain produces electron neutrinos.
Only one previous experim ent. E225, also located a t LAM PF has mea­
sured the cross-section for the electron neutrino-electron elastic scattering 
process. E225 reported a  cross-section [39] of
cr =  9.9 ±  1.5(stat.) ±  1.0(syst .)  x E Uc{ \ I e V )  x 10-45cm2 
and an interference term.
I  =  —1.07 ±  0.17(sfat.) ±  0.11(sysif.) 
which com pared well with the standard  model value of I  =  —1.08.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C H A P T E R  2
T H E  L A M P F  N E U T R I N O  B E A M
In this chapter we discuss th e  production of neutrinos a t LSND. A beam 
of m edium  energy protons is used to  generate the  neutrino beam . T he  proton 
beam  smashes into a ta rget, producing pions. These pions decay to  produce 
muons and neutrinos. The m uons also decay producing additional neutrinos.
2.1 T h e  P r o to n  B e a m
The Liquid Scintillator N eutrino D etector (LSND) is located  at area 
TA-53 of the Los Alamos N ational Laboratory (LANL). TA-53 was previously 
named the Los Alamos Meson Physics Facility (LA M PF) but is now called 
the Los Alamos Neutron S cattering  C enter (LANSCE). LANSCE houses a 
one-half mile long linear accelerator which produces an intense p ro ton  beam  
with energies up to 800 MeV. T he  typical proton current is 1 m A.
The accelerator uses conventional ion sources for the  proton beam . Pro­
tons pass through a transition  section to  a drift tube  linear accelerator of 
the Alvarez type, operating at 201.25 MHz. Protons are accelerated in this 
section to 50 MeV and then in jected into a side coupled linac s tru c tu re  for 
acceleration to their final energies. The acceleration process is repeated  at 
120 Hz. During the course of th e  experim ent the  final proton beam  kinetic 
energy of 800 MeV was constant to  much b e tte r than 1%.
19
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Beam spills occur during  a 600 fis tim e window. This beam -gate window 
is repeated  every 8.33 ms (corresponding to  the  120 Hz accelerator cycle), 
as shown in Fig. 2.1. T his tim ing s truc tu re  is term ed the  m acrostructure of 
the  beam . The proton beam  w ithin the beam -gate has a substructure, called 
the m icrostructure. B ursts of protons, w ith a w idth of 0.20 ns. occur once 
every 5 ns due to the 201.25 MHz acceleration cycle in the  drift tube stage. 
T he m icrostructure of th e  beam  is also illustrated  in Fig. 2.1. The LSND 
detec to r operates irrespective of w hether the  proton beam  is present or not. 
T he beam  cycle operates so th a t, on average, the  proton beam  is present 
about 6% of the tim e. T he  du ty  ratio  is defined as the  ra tio  of the  tim e the  
beam  is present (beam -gate window is uon” ) to the  tim e the  beam  is absent 
(beam -gate window is “o fP ) . For the d a ta  presented in th is dissertation, we 
obtain an average duty ra tio  of 0.062.
2.2 T h e B eam  Stop
The proton beam o u tp u t of the linear accelerator is transported  to a 
high in tensity  experim ental area (area A) shown in Fig. 2.2. The LSND 
experim ent is located a t the  end of the beam line in area  A. The proton 
beam  passes through two th in  targets, A1 and A2. before it reaches A6, the 
m ain target for LSND. A1 and A2 are carbon targets, 3 cm and 4 cm thick, 
respectively, and are located 137 m and 112 m upstream  of the  detector. 
A pproxim ately 19% of th e  proton beam  is removed a t these upstream  targets 
and the  protons arrive a t A6 a t a  reduced energy of 768 MeV.
The A6 target is located 29.8 m upstream  of the  detector. The plan 
view of the  A6 target box is shown in Fig. 2.3. T he proton beam enters
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.1: The tim ing pattern  of the proton beam  showing (a) the mi­
crostructure. and (b) th e  m acrostructure.
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Figure 2.2: Schem atic of the high intensity  experim ental area.
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Figure 2.3: A plan view of the  A6 target.
the  A6 window from the  left. A schem atic view of the A6 ta rge t, shown 
in Fig. 2.4. is b e tte r suited to describe its m ajor com ponents. The front 
end consists of a  30 cm long water ta rget, followed by a  decay space of 
50 cm. The isotope production stringers are next in line. T hese are targets 
tha t produce radioisotopes for medical uses. T he num ber of these stringers 
varied during th e  course of the experim ent but all the changes in the  target 
were reproduced in the beam  Monte Carlo sim ulations in o rder to  obtain  
the correct neu trino  fluxes. Last in line is the  copper beam  stop. All the 
protons which have survived to this point and all the  secondary pions, either 
produced in the  beam  stop or entering it, are ultim ately  absorbed w ithin 
this beam stop. T h e  A6 target is herm etically sealed due to  rad iation  safety
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considerations and  charged particles cannot em erge past the  surrounding 
shielding m ate ria l. In addition . 8.5 m equivalent of iron shielding is placed 
between th e  ta rg e t and the  de tec to r to  stop any beam -induced neutrons from 
entering the  detec to r. Muon and electron type neutrinos arise from pion and 
muon decay, as discussed in the  next section. These neutrinos are essentially 
the only beam -induced particles which en ter the  LSND detector.
For the  1996 and 1997 d a ta , the  A1 and A2 targets  were removed and 
the A6 target described above was replaced by a new tungsten  target.
8.5 m of Fe 
equivalent 
shielding
pion isotope
production production
target stringers
-tm► «**•
K z C
beam dump
Figure 2.4: A schem atic d iagram  of the  A6 target.
2.3 T he N eu tr in o  B eam
The proton beam  in teracts inelastically w ith th e  m aterial w ithin the A6 
target, producing charged pions w ith energies ranging up to  600 MeV. The 
ratio of positively charged pions produced to  negatively charged pions is 
approxim ately 8:1. These pions e ither decay in flight (D IF) or come to a
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stop. The stopping pions e ither decay a t rest (DAR) or axe absorbed in the  
m ateria l of the target. Let us follow the 7r+ decay chain.
The dom inant decay reaction is
-*• fl+ +  Uu
(T he reaction ir+ —»• e+ue has a  branching ratio of 1.23 x 10~4 ). Only about 
3.4% of the  7r+ decay in flight. T he rem aining tt+ stop and decay a t rest. 
This decay reaction has a  lifetim e of 26 ns and is term ed the prom pt decay. 
T he energy spectrum  for the  two body DAR reaction is monoenergetic. as 
shown in Fig. 6.2. T he m uon which is produced in th e  prom pt decay comes 
to  rest and then decays via the  reaction
fi+ -> e+ +  ue +  Op.
This reaction has a lifetim e of 2.2 f i s .  much longer th an  th a t of the prom pt 
decay. The continuous energy spectra  for the ue and produced in the  
th ree  body decay of th e  fj.+ . are also shown in Fig. 6.2. For the analysis 
presented in this d isserta tion , we are interested in neutrinos of the electron 
type. They are produced w ith an average energy of 31.7 MeV.
We now look a t the  rr~ decay chain. LSND perform s a DAR neutrino 
oscillation search for ue in th e  appearence channel 0^ —* [40]. The decay
chain produces a m ajor neu trino  background for this search. Fortunately this 
decay chain is greatly suppressed. The w ater target serves to enhance the  
~ + production relative to  th e  production. This is because water has more 
protons than neutrons, in contrast to high Z m aterials like copper. All of the  
:r~ particles which stop are  absorbed in the  m aterial of the  target. Thus the  
production of via the  reaction
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Figure 2.5: The energy spectra  for DAR neutrinos.
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is due to  th e  sm all fraction (5%) of tt~ D IF. T he fi~ particles produced in the 
above reaction stop and 88% are absorbed while the rem aining 12% decay 
at rest. Thus the production of DAR neutrinos from the decay chain 
is suppressed. In particular, the ue production is suppressed by a factor of 
~  j  x 0.05 x 0.12 % 0.75 x 10-3 .
The DAR neutrino flux decreases inversely with the square of the  distance 
from the neutrino source. Targets A1 and A2 contribute only 1.4% to the 
DAR neutrino  flux a t the detector because th e  neutrino production at A l 
and A2, com bined, is about 25% th a t of A6 and they are approxim ately four 
tim es fu rther from the  detector than  A6. However A l and A2 contribute a 
larger fraction of the DIF neutrino flux.
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Table 2.1: The N eutrino  Fluxes a t LSND.
N eutrino Flux Source Energy Range (M eV) R elative Intensity
t + DAR 29.8 1
DAR 0-52.8 1
fi+ DAR 0-52.8 1
i>e DAR 0-52.S 0.78 x 10~3
*7. DIF 0-300 0.86 x 10-1
It is essential to stress that the D IF neutrino production is sm all com pared 
to  th a t of the  DAR neutrinos. The re lative intensities of the  various neutrino 
fluxes, along w ith their energy ranges, are shown in Table 2.1. For the 
uee~ —y ut e~ elastic scattering process which is discussed in this dissertation, 
only the  DAR neutrino flux is utilized. Hence we will not discuss the  details 
of th e  DIF flux.
2.4  T h e B eam  M onte Carlo S im u lation
A detailed  sim ulation was used to  predict neutrino fluxes a t the  detec­
to r [41]. T he location of the targets a t A l. A2. and A6, along w ith their 
respective geom etries and m aterial constituen ts were input to the  Monte 
C arlo sim ulation.
M easured pion production rates [42] for proton beam s of various energies 
were used by the  sim ulation. In add ition , inform ation from a calibration 
experim ent [43]. performed a t LA M PF. was also used. This experim ent 
m easured the  yield of muon decays when a proton beam , of varying energy, 
was incident on a composite s tru c tu re  of copper and w ater. These muons 
arise alm ost entirely from stopped 7r+ decays since all tt~ which stop are
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absorbed. The target struc tu re  was designed to  be sim ilar to the  A6 water 
ta rget, th e  prim ary source of pion production  a t LSND.
Several param eters of the  beam sim ulation  were renorm alized slightly to 
fit the  d a ta  from the calibration experim ent. This procedure worked well 
for the  positive pion chain which yields th e  DAR flux. No calibration was 
possible for the  negative pion chain which yields ue since over 99.9% of the 
muons which decay arise from the positive pion chain.
The shape of the  energy spectrum  for th e  ~ + and /j.+ DAR neutrinos 
is well known and only the absolute am p litu d e  of the  DAR neutrino flux 
is ob ta ined  from the  sim ulation. Using th e  sim ulation and the  calibration 
experim ent, we assign an uncertainty of 7% to  the  DAR flux calculation. 
However, there exist uncertainties in both  th e  shape and the normalization 
of the  D IF flux and we estim ate  a 12% system atic  error in its calculation.
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C H A PT E R  3
T H E  L SN D  D E T E C T O R
T he LSND detection apparatus has two components: the de tec to r and 
the veto shield. The 180 ton detecto r is a  roughly cylindrical tank  filled 
with m ineral oil. to which a sm all quan tity  of scintillator is added. Carbon 
nuclei and protons in m ineral oil. together with electrons, serve as targets 
for neutrino  interactions. The detecto r m edium  allows for production of 
scintillation light in addition to Cerenkov light em itted  by highly relativ istic 
charged particles. This light is detected  by the photom ultiplier tubes which 
line the  inside surface of the tank. T he veto shield surrounds the tank  and 
is highly efficient in detecting charged cosmic-ray particles which en ter the 
detector. In this chapter, we will describe the physical s truc tu re  of each 
detector component as well as its functional behaviour.
3.1 T h e E xperim ental Set-up
T he en tire  LSND apparatus is housed in a tunnel and shielded by an 
overburben which consists of 2000 g m /cm 2 of steel and d irt. The overburden 
serves to reduce the flux of cosmic-ray particles entering the detector. The 
overburden, the tunnel and the veto shield used by LSND were actually  built 
for the  previous LA.VIPF neutrino oscillation experim ent. E645. Fig. 3.1 
shows a plan view of the experim ental set-up. The proton beam  is incident 
on the beam  stop from the left. The neutrinos produced at the beam  stop 
travel unim peded and can produce interactions w ithin our detector.
28
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beam stop
■2000 g/cm steel overburden
water plug
front end electronics
Figure 3.1: A cross sectional view of the  LSND experim ental set-up.
T he tunnel is sem i-cylindrical, 30 m long and 14 m in d iam eter, with 
walls of corrugated steel. It is located at a lower height than  th e  A6 beam  
stop. W hen viewed from above, the  tunnel is also off-center from the proton 
beam  axis. A line connecting the  center of the  beam stop to the  center of 
the  detector bends downward by 9.4° when projected onto a vertical plane, 
and bends to the left of the  proton beam  axis by 7.6° when pro jected  onto 
a horizontal plane. Stacked at the  upstream  end of the tunnel are iron slabs 
which form a 2 m thick wall, serving to  shield against beam -related neutrons. 
This is the  closed end of the tunnel. At the  downstream  end, there  is an 
8 m long water plug which reduces the cosmic-ray background entering  the 
detecto r from the open end of the  tunnel.
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3.2 T h e D e te c to r
T he d e tec to r was designed to  track the  p a th  o f relativistic charged par­
ticles and to  m easure the energy deposited by th em  as they traversed the  
detector m edium . Both these goals were m et. as described below, using a 
simple design of a tank  filled with liquid.
T he d e tec to r consists of a roughly cylindrical steel tank. 8.75 m long w ith 
a d iam eter o f 5.72 m, as shown schem atically in Fig. 3.2. Its central axis is 
roughly parallel to  the  neutrino beam. Both th e  top  and the bo ttom  of the  
tank are flat. T he flat base rests on steel shielding, extending over the  en tire  
length and w id th  of the tank. The detector is a lm ost fully enclosed in a veto 
shield, to be described in the next section. As m entioned earlier, additional 
shielding is provided by the tunnel and the  overburden.
Pb Shielding
/—Access 
'  Door
5.72 m 8.75 m
Figure 3.2: A schem atic diagram  of the detec to r tan k  showing the  placem ent 
of PM Ts.
Only high energy cosmic-ray muons p en e tra te  through the shielding and  
either en ter the  tank  or in teract in its vicinity. Som e undergo nuclear deep 
inelastic sca tte ring  and knock out neutrons. T hus we have a source of
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cosmic-ray neutrons entering the  detector. A fraction of the muons may 
enter the  detecto r, stop inside it and then decay to  produce Michel electrons 
(or positrons). For energy ranges o f interest to  th is dissertation, this sample 
of Michel electrons is the dom inant source of electrons in the  detector. It is 
a  clean sam ple because, prior to the  electron detection , we detect the  muon 
both in the  veto and the tank. For these reasons, this sam ple is very useful 
for a num ber of studies we will conduct later.
The in terior of the  tank is uniformly m ounted w ith 1220 photom ultiplier 
tubes (P M T s), which face inward. These PM Ts are  8 inches in d iam eter and 
are of the type  R1408 m anufactured by H am am atsu . The num ber of PMTs 
was chosen to  achieve a 25% PM T coverage over th e  to ta l internal area of 
the tank walls. The fast-tim ing PM Ts were built to  a special contract using 
low radioactiv ity  glass. The PM Ts were m ounted on m etal frames and the 
photocathode surface protruded inward approxim ately  25 cm from the tank 
walls.
The tank  was initially filled w ith about 50,000 gallons of pure m ineral oil. 
Chemically, m ineral oil is composed of linear chain hydrocarbon molecules 
{CnH2n+2 ) where n varies from 22 to  26. R elativ istic  charged particles trav­
elling through m ineral oil produce Cerenkov light.
Cerenkov light is em itted  in a  cone around the  direction of travel of the 
particle. T he angle (0) of the cone, m easured from  the direction of travel, is 
fixed by the  refractive index (q) of the m edium  and the velocity (3)  of the 
particle.
cos 6 =
3r)
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For m ineral oil. th e  refractive index is 1.47. Hence cos# =  0.68 and 9 =  47.1° 
for highly relativistic (0  ~  1) particles. The velocity, 0O, is the threshold 
Cerenkov velocity, below which particles do not produce any Cerenkov light. 
It is given by
9
There are several advantages in using m ineral oil. The oil used had a 
radioactive com ponent below one part in 1012. It was non-toxic and retained 
a stable light a ttenuation  length as it was not exposed to  oxygen. It had a 
high refractive index of 1.47, which increased the Cerenkov light generated 
by a relativistic electron by a  factor of 1.57 com pared to  water. Finally a 
m ineral-oil-based scintillator could be dissolved in it to  enhance the light 
production of charged particles.
W henever a charged particle traverses through a  scintillator medium, it 
produces light via fluorescence. This scintillation light is proportional to 
the energy loss of the charged particle as it travels through the m edium . 
It is isotropic in space and there is no velocity or energy threshold for its 
production. Thus heavier particles like protons and slower moving muons 
will generate scintillation light, even if they do not produce Cerenkov light.
Initially, some da ta  was collected when the tank  was filled with just pure 
m ineral oil. For th is data, a typical Michel electron produced a very distinct 
ring of hit PM Ts, obtained when a cone of Cerenkov light was projected 
onto the tank  walls. Slowly a mineral-oil-based scin tilla tor b-PBD (butyl- 
phenyl-biphenyl-oxydiazole, CHNO) was added, m aking the  Cerenkov rings 
less visible because an increasing am ount of isotropic scintillation light was
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also being produced. However the Cerenkov rings could still be detected  by 
our sophisticated event reconstruction software, discussed in C hapter 5.
Before the construction of the  detector, extensive testing of various m ineral- 
oil-based scintillators was perform ed using a  beam  of positrons and protons, 
produced in a  test channel a t LAM PF [44]. A concentration of 0.031 g/1 of 
b-PBD  in m ineral oil was determ ined to  be optim al for the  detector. Thus 
a to ta l of 6 kg of b-PBD  was added to  the  m ineral oil in the tank , over a 
two week period, in order to obtain th e  desired concentration of scin tilla tor 
w ithin the  detector. T he liquid used in LSND, hence, is a d ilu te  scintillator.
A fraction of the  Cerenkov light generated  by a relativistic charged par­
ticle is absorbed by the scintillator and  then re-em ittted  as isotropic scin­
tilla tion  light. This com ponent of Cerenkov light thus gets added to the  
scintillation light. The com ponent of Cerenkov light tha t is not absorbed 
and continues to propagate along the Cerenkov cone will be term ed "‘d irec t’1 
Cerenkov light. For a sam ple of Michel electrons which are highly relativistic 
particles, the  ratio  of the  num ber of photoelectrons generated in the  PM Ts 
from isotropic scintillation light to th a t from direct Cerenkov light is de ter­
m ined to  be about 5 to  1.
In C hap ter 5. we will discuss the event reconstruction procedure which 
allows us to determ ine the location o f particles w ithin the detector. For 
highly relativistic particles, we can also ob tain  the ir direction of propagation 
by locating the cone of Cerenkov light th a t they em it. Let us illustra te  the  
presence of this Cerenkov cone of light.
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For this purpose, we will use a  sam ple of Michel electrons whose position 
and direction inform ation has been determ ined using the  event reconstruction 
procedure. For a single Michel electron, imagine th a t we axe located  at its 
origin and are looking down its direction of propagation. We define 0 as the  
angle we would have to tu rn  to look directly at one of the  d e tec to r PM Ts. 
We record cos 0 and the  charge in photoelectrons, if any. for th a t  PM T  and 
for all o ther de tec to r PM Ts. We then plot, in Fig. 3.3, the  charge weighted 
PM T hits versus cos 0, averaged for all Michel electrons w ithin the  sam ple. 
This plot shows a clear peak due to  direct Cerenkov light a t cos 9 ~  0.68 and 
an approxim ately isotropic (flat) d istribution  due to  scintillation light. We 
thus display th e  production of both types of light w ithin th e  LSND detecto r.
Above, we have m entioned th a t the detector perform s th e  function of 
tracking relativ istic  charged particles. In C hapter 5. we will also discuss 
how the detec to r serves as a calorim etric device for m easuring th e  energy of 
charged particles th a t are contained w ithin the detector.
3.3  The V eto  Shield
The veto shield used by LSND serves two functions. F irst its  active 
component serves as an anticounter for charged particles en tering  th e  detec to r 
from outside. Second it provides additional passive shielding to  th e  detecto r. 
As mentioned earlier, the  veto shield was constructed for and used by the  
previous neutrino oscillation experim ent at LAM PF, E645. T he LSU group 
worked on refurbishing this veto shield for the LSND experim ent.
The veto shield alm ost fully encloses the  detector except for th e  support 
struc ture  on th e  floor on which the detector rests. This support s tru c tu re  is
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Figure 3.3: Angular distribution of PM Ts. weighted by pulse heights, with 
respect to the fitted Michel electron direction. D ata (solid) is com pared to 
detec to r M onte Carlo sim ulation (dashed). The sm ooth curve is fit to a 
constan t. P4. plus a gaussian with a mean P2. sigma P3. and renorm alizaion 
P I .
a concrete pad. covered by 6-in. thick steel blocks. The cracks between these 
blocks were filled with steel shot. Thus there  is adequate passive shielding 
at the  bottom  but there is no active shielding.
The veto shield is a cylindrical steel s tru c tu re  with two closed ends and 
a truncated  bottom . It has a d iam eter of 6.75 m and a length of L0.1 m. A 
cross sectional view of the shield, norm al to  the detecto r axis, is shown in 
Fig. 3.4. The veto shield comprises of two structu ra lly  independent parts.
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The upstream  end, which is painted blue and called the  blue wall, is one 
independent unit. The cylindrical shell is fused w ith the o th er end and 
together they form the  second un it. This unit is pain ted  red and its end 
wall, which resides downstream, is called the  red wall. T he neu trino  tunnel 
has rail tracks which extend beyond its open end. B oth  these units are 
equipped w ith wheels and can be moved along the  tracks. As shown in the 
cross sectional view of Fig. 3.4, any particle entering the  veto shield from 
outside first passes through the active com ponent of th e  veto shield.
liquid scintillator
external
L-beam
skeleton
PMT assemblies
lead shot
lead bars
Figure 3.4: A cross sectional view of the veto shield.
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3.3 .1  T he A ctive  C om p on en t
The active com ponent of the  shield consists of an ou ter shell filled w ith 
about 10,000 gallons of liquid scintillator. BC517P. which is a m ix tu re  of 
5% pseudocum ene in m ineral oil. was used as the liquid scin tilla to r. The 
scintillator is viewed from  the  outside through port-holes by a  to ta l o f 292 
uniform ly spaced PM Ts (46 each on the  end walls and 200 on th e  cylindri­
cal surface). Five inch d iam eter photom ultiplier tubes of the  ty p e  9870B, 
m anufactured by EM I, were used for this purpose.
A charged particle passing through the liquid scintillator em its  light th a t 
is detected by the axray of PM Ts which line the  outer wall and look inward. 
The inner wail of the  shell enclosing the scintillator is painted w hite  to  m ini­
mize the absorption of light a t th a t surface. Thus, barring inefficiency in the 
system , any charged partic le  entering the active region of the  veto  shield is 
tagged by the hits in th e  veto PM Ts.
3.3 .2  T he Passive C om p on en t
The passive shield is a  layer of lead shots 18 cm thick, filled w ith  a  packing 
fraction of 0.7. It is helpful in stopping neutral particles like photons and 
neutrons from entering th e  detector. These neutral particle are  not tagged 
as they pass through the  active region of the  veto shield.
If photons enter the  detector, they can be m istaken for e lec tron  events, 
creating a source of background. Such photons are generally cosm ic-ray m uon 
induced. E ither the m uons brem sstrahlung in the overburden or they  stop 
and decay in the overburden generating Michel electrons which subsequently  
brem sstrahlung to produce the  photons. The passive shielding was designed 
to  reduce this photon background.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 8
Note th a t the  passive shielding is located to the  inside o f th e  active region. 
If a cosmic-ray m uon were to stop and decay in the  lead of the  passive 
shielding and produce a B rem sstrahlung photon, this photon  is tagged by 
the muon passing through  the  active region.
3.3 .3  T he Crack C ounters and th e  B ottom -ed ge C ounters
As m entioned earlier th e  veto shield is comprised of two separate  units. 
The blue wall is moved in to  cover the open end of th e  o th er cylindrical 
shell s tructure. As a  consequence of this, the region in th e  veto shield a t the  
intersection of these two struc tu res is susceptible to  penetra tion  by cosmic- 
ray muons. This weakness is of particular concern a t th e  top of the  veto 
shield as cosmic-ray muons are predom inantly directed downward and some 
might pass through th is region undetected and then en ter th e  tank.
To avoid this problem , plastic scintillation veto counters, which we term  
"crack counters” , were installed to completely cover the  top half of the  weak 
region. These counters were built and installed by the  LSU group. The 
dimensions of these crack counters are shown in Fig. 3.5. T h e  central rect­
angular plastic scin tillation region is flanked by two trian g u la r light guides, 
with a phototube (P M T ) located a t each extrem ity. T here  are twelve such 
crack counters.
Also as m entioned earlier, there is no active shielding a t th e  bottom  of the  
detector and the  tru ca ted  cylindrical shell of the veto does not quite  extend 
all the way down to  the  floor. This leaves a gap in th e  active shielding 
through which some cosmic-ray muons can enter the  d e tec to r undetected. 
To reduce this background, the LSU group installed “bottom -edge counters".
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 9
40”
Light guide
PMT
Plastic Scintillator
112"
Figure 3.5: A crack counter.
These sixteen counters were wedged between the veto and the walls o f the 
tunnel, serving to extend the coverage of the active region down to the  floor. 
They are sim ilar to the crack counters, only smaller on average. Their m ean 
dim ensions are 48" x 20".
For these plastic scintillation counters, when a charged particle passes 
through the scintillator, it produces light which is collected by the two light 
guides and transm itted  to their respective PM Ts. The PM T pulse, gener­
a ted  by this light, is fed into an am plifier and then into a discrim inator. If 
this amplified pulse is above a certain  preset threshold, the discrim inator is 
triggered. In order to discrim inate against the accidental firing of a PM T. 
vve require th a t both the PM Ts located a t either ends of the counter produce 
pulses above the  discrim inator threshold tha t are coincidental in tim e. Thus
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the two respective discrim inator pulses are fed in to  a  coincidence circuit, 
which determ ines if the  counter has recorded a leg itim ate  h it. If any one of 
the sixteen bottom -edge counters produces a  hit. the  tim ing  and  pulse height 
inform ation from each of these counters is recorded in to  the d a ta  stream , to 
be used for la ter analysis. T he same procedure is followed for recording crack 
counter h its , but additionally, the crack counter h its a re  also used along with 
the veto tu b e  hits to m ake triggering decisions. T he  working of the  trigger 
and the  d a ta  aquisition system  (DAQ) is discussed in th e  next chapter.
The au th o r worked on producing, calibrating and  installing  the  bottom - 
edge counters. He also assembled the above m entioned NIM electronics for 
these counters. In addition to the veto system  decribed here, in early 1996 the 
author helped install a set of “upstream  veto counters” . This final addition of 
scintillation counters was located in front of the blue wall of the  veto shield. 
These counters augm ented the bottom -edge counters and  differed only in the 
sense th a t they were sm aller and were fitted w ith ju s t  one light guide and 
one corresponding PM T.
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DATA A Q U ISIT IO N  AT L SN D
In th is chap ter we describe the  LSND d a ta  aquisition system . We begin 
by discussing th e  electronics for each channel of d a ta  aquisition. We then 
describe th e  triggering system  which allows us to  choose and record only 
those events o f in terest to  the  experim ent.
4.1 E lectron ics
The LSND experim ent has 1220 detector photom ultip lier (PM T) tubes. 
292 PM Ts in the  m ain veto shield, 24 PM Ts on the  crack counters and 32 
PM Ts on the  bottom -edge counters. Each PM T is a  separate  channel for the 
d a ta  aquisition (DAQ) system .
W henever a  charged particle traverses the detector m edium , it produces 
light w ithin the  detecto r. This light, if it travels through the medium and 
arrives a t a PM T . will, w ith a certain probability, generate one or more 
electrons a t th e  photocathode surface of the PM T. These photoelectrons yield 
a pho to tube  charge. Q, proportional to the light incident a t the  photocathode 
surface. In add ition  to  the  charge, the arrival tim e, T , of the  PM T pulse is 
also recorded.
Thus each h it PM T  channel yields a charge, Q, and a tim e, T. One has 
to  collect this inform ation from all the hit PM Ts and from th a t assemble the 
actual event. This procedure, called the  event reconstruction, determ ines
41
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the  mid-point of the track generated by the particle w ithin the  detecto r, the 
direction of this track and the  energy of the particle. The event reconstruc­
tion procedure is described in the  next chapter. Here, we briefly describe the 
electronics used to ex tract the  Q and T inform ation from the  PM T  pulse.
FADC
PMT
Clock -10  MHzHold-off
line
Discriminator FADC
Write control (A)
16 bit x 2048 
dual port sRAM
Read control (B)
Controller
(Trigger)
 ^I  Write control
18 bit x 2048 
FIFO memory
Read control U out
VME bus
Figure 4.1: Electronics for a single PM T channel.
Fig. 4.1 shows the electronics for a single PM T channel. T he amplified 
PM T pulse is fed into a charge capacitor which acts as an in tegrator. The 
voltage Vq from the in tegrator yields a measure of the  pho to tube charge, Q, 
and is shown as the sixth listed item  in Fig. 4.2. The amplified PM T pulse 
is also sent to a discrim inator. If this pulse is above a  certain threshold, the 
discrim inator generates a square pulse, also shown in Fig. 4.2.
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Figure 4.2: The charge and the tim ing inform ation from a single PM T chan­
nel.
This discrim inator pulse initiates a linear ram p, Vt, shown as the  eighth 
listed item  in Fig. 4.2. T he voltage Vt is used to  determ ine th e  tim ing of 
the hit PM T. Both Vq and Vt are input into separate  8-b it F lash Analog 
to Digital Converters (FADCs) which record these voltages every 100 ns. 
corresponding to each tick of a 10 MHz clock. This clock is at the  heart 
of the da ta  aquisition system  and governs not only the  digitization but also 
when the d a ta  is w ritten in and out of memory chips.
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The d iscrim inato r pulse from each PM T channel is also d irected  into a 
summing device. T he to ta l num ber of hit PM Ts are sum m ed, separately  for 
the tank and th e  veto. These sums are used in the  trigger system  which was 
designed to record interesting events while reducing th e  num ber of events 
due to cosm ic-ray interactions. The trigger is described in th e  next section.
At each PM T  channel. Vq is digitized every 100 ns and w ritten  to a Ran­
dom Access M em ory (RAM ) allocated solely to th a t channel. T he mem ory 
address of the  digitized value is conveniently provided by th e  11 least sig­
nificant bits o f the  clock tim e at which Vq was recorded. This address is 
termed uthe  tim e  stam p address” (TSA ). It should be noted th a t we keep 
recording this d igitized inform ation irrespective of w hether th e  PM T was hit 
or not. Thus th e  value of Vq recorded ju s t before the  PM T  was hit serves as 
a baseline value and the  voltage above this value is a m easure of the  PM T 
charge Q. This dynam ic approach allows for continuous d a ta  aquisition with 
no dead-tim e due  to  resetting  of voltages.
The tim ing pulse. Vt , is also flash digitized every 100 ns and  each value 
is stored w ithin the  RAM. beside the corresponding value for Vq. As seen 
in Fig. 4.2. the  d iscrim inator is triggered by the PM T  pulse and  the square 
pulse is present until the second tick of the 10 MHz clock after the  PM T was 
hit. As a responce to this d iscrim inator pulse, a linear ram p is generated and 
two digitized values of Vt are recorded on this ram p. O bserving the  Vt plot 
in Fig. 4.2, one can see th a t the  tim e of the PM T pulse can be obtained by 
extrapoling back from the  two Vt values. VVe locate th e  in tersection of the 
line joining these two values with the  baseline. This in tersection point yields
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w hat we will term  the “fine tim e" of the phototube pulse. Also once initiated, 
this tim ing  ram p is unaffected by the  arrival of subsequent phototube pulses 
for 200 to  300 ns. depending on the  phase of the  in itia l hit w ith respect to 
the 10 MHz clock. Thus if a PM T is hit twice, in close succession, then the 
second hit will not record any fine tim e inform ation.
Each channel RAM collects 8-b it Q and T d a ta  every 100 ns and, because 
of the  16 bit x 2048 memory of the  chip, contains a 204.8 y s history of activity  
for th a t channel. If a trigger readout order is b roadcast to  a  PM T channel, 
d a ta  is transferred from the RAM to a  FIFO (first-in-first-out) buffer, an 18 
bit x 2048 memory chip allocated solely to serve th a t  PM T channel.
Electronic devices term ed “Q T cards" house the  digitized fine tim e and 
charge inform ation from individual PM T channels. Each Q T card accepts 
inform ation from 8 PM T channels. The 10 MHz clock arrives at each QT 
card and  is accurate to a few nanoseconds. This provides a “course time" 
for the  events. 16 QT cards, a receiver-trigger interface card, and a crate  
channel sum m ation card are grouped together w ithin  a  VM E crate  called a 
“Q T cra te" . Each crate is also equipped with a m onoboard com puter which 
assem bles an event at the  cra te  level and on receipt o f a  broadcast trigger 
signal transm its this event to a central SGI m ultiprocessor.
4.2 Trigger
As m entioned earlier, for each PM T channel the  d iscrim inator generates 
a logic signal in response to a  PM T pulse. This signal rem ains asserted for 
two consecutive clock ticks after the  arrival of the  PM T  pulse. We obtain 
an instantaneous count of hit PM Ts by digitally sum m ing these logic signals
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Table 4.1: The Trigger Thresholds.
Event type 1994 1995-1997
A ctivity
7
3
Prim ary 
P rim ary . 7 window 
Prim ary, 7 , look-back
D>18 or V> 6  
D>21 and V <4 
none 
D>100 and V <4 
D>100 and V <4 
none
D >18 or V >6 
D>21 and V <4 
D >75 and V <4 
D >150 and V <4 
D>150 and V <4 
D>300 and V <4
at the  c ra te  level a t each tick of the binary clock. A ppropriate crates are 
then sum m ed to  obtain a global count of the  P M T  hits, separately, for the 
veto and th e  detector. T he sums, thus obtained, are  then com pared to preset 
values assigned for the  veto and the detector. These preset values serve as 
veto or de tec to r thresholds where we w rite an event into the  da ta  stream  if 
it m eets o r surpasses the threshold requirem ent.
At LSND we categorize an event depending on th e  num ber of detector (D) 
and veto (V) hits it produces. The different event categories, together with 
their de tec to r and veto threshold requirem ents, are  illustra ted  in Table 4.1. 
A triggering algorithm  decides whether or not to  select or, as we will explain 
later, "broadcast" an event. Each event category has a different broadcast 
code associated w ith it. We will describe the different events types and their 
requirem ents below. Notice th a t the threshold values changed through the 
years and additions were m ade to the types of events because, as the collab­
oration gathered  m ore da ta , more refined triggering schemes were employed.
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4.2 .1  E vent C ategories
Cosmic-ray muons produce the vast m ajo rity  of interactions w ith in  the 
LSND detector. We require th a t for any event to be b roadcast, it must 
produce less than  four hits in the  veto. This severely lim its th e  cosmic-ray 
muons from being included in the d a ta  s tream . Only about two in every thou­
sand cosm ic-ray muons produce fewer veto hits than this threshold. Also the 
cosmic-ray muons which enter the  de tec to r m ay stop w ithin th e  tan k  and 
then  decay to  produce Michel electrons. We require th a t for any activity  
which produces greater than  five veto h its , we do not broadcast a  subsequent 
event if it lies w ithin 15.2 ps  of the  original activity. T he  lifetim e for muon 
decay is 2.15 /is within our detector. Hence the  15.2 fis “veto hold” require­
ment prevents the  writing out of Michel electrons for most cosm ic-ray muon 
decays. O ut of a thousand muons which stop and decay in our detector, 
only one produces a Michel electron 15.2 /is after its decay, which is then 
brodacast as a prim ary event. However, due to the high ra te  of cosmic-ray 
muons and despite the veto hold requirem ent, we record one M ichel electron 
every 10 seconds, compared to the  ra te  of a  few (~10-15) neutrino  events per 
day.
At LSND. we define a "prim ary ev en t” as an interaction th a t produces 
100 or m ore detector PM T hits. This corresponds to ~ 4  MeV in electron 
energy w ithin the tank. As m entioned above, we have to  keep a record of 
all activities prior to the prim ary to decide w hether or not to broadcast the 
prim ary. In addition to the prim ary, we w rite out activities which lie within
51.2 fxs prior to it. If there are fewer th an  five, these "past activ ities” are
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all broadcast in conjunction w ith th e  prim ary  event. For the rare cases in 
which th e re  a re  five or m ore activ ities, the  four closest in tim e to the prim ary  
event are b roadcast. Also for th e  DAR oscillation search, one has to detect a
2.2 MeV gam m a after the  prim ary  event, produced via the  neutron cap tu re  
reaction,
n +  p —>■ d  +  7 .
We expect a  neu tron  cap tu re  lifetim e of 186 ys  at LSND. In order to  detect 
the  gam m a, one has to lower the  de tec to r threshold after each prim ary event. 
This is achieved by w hat we te rm  “opening a 7 window” in the data  stream . 
For a period o f 1 ms after the  occurrence of a  prim ary event, any event w ith 
detecto r h its. 21 <  D <  100. is broadcast as a  7 candidate.
For d a ta  collected from 1995 onwards, new detecto r thresholds were 
adopted to  broadcast "3  events” . As the  nam e suggests, these are be ta  decay 
events, produced m ostly due to cosmic-ray interactions. They typically have 
lower energies th an  neutrino induced events and have a  trigger requirem ent 
of 75-150 de tec to r PM T hits. T he prim ary threshold was correspondingly 
raised to 150 detec to r hits. T he differences between th e  j3 and the prim ary  
events are th a t for the  3  events no past activ ities are broadcast and no 7 
window is opened.
Also s ta r tin g  from 1995, look-back events were introduced into the d a ta  
stream . Every PM T hit th a t occured in th e  intervals 0-3 and 3-6 y s prior 
to  certain  selected prim ary events was recorded for bo th  the detector and 
the veto shield. Hits in each interval were loosely term ed as a “look-back 
even t” . Previously, due to the  existence of de tec to r and  veto thresholds for
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activ ities, events prior to  the prim ary  w ith hits below these requirem ents 
would go unrecorded. The look-back events were introduced to ensure th a t 
the  prim ary  events were not Michel electrons ensuing from muons th a t did 
not m eet th e  activity threshold requirem ents either in the tank or th e  veto. 
Here, m uons produced by interactions of DIF neutrinos are of particu lar 
in terest, especially when neutrons are also produced,
+  p ->• +  n
1/  ^ + 12 C  —> n  +  X.
If the  muon produces fewer hits than  the  detector activity threshold, it will 
go undetected  and subsequently produce a Michel electron. This Michel 
electron m ight then be misidentified as a  DAR oscillation candidate  if the  
accom panying neutron produces a gam m a signature event [40]. W ith  the  
look-back inform ation, we can check for detector hits prior to a  prim ary 
event in order to identify the muon.
The au tho r also used the veto look-back information to identify cosmic- 
ray muons which are not recorded as activities because they produce fewer 
than  six veto PM T hits. This helped reduce the cosmic-ray background for 
the  uee~ elastic scattering reaction and will be discussed later.
The look-back scheme causes a lot of d a ta  to be recorded and it was 
decided th a t only a subset of prim ary events which satisfy additional criteria  
would have th e  two look-back events broadcast along with the prim ary. The 
hit requirem ents for prim ary events w ith look-back are listed in Table 4.1. 
In addition , for the 1995 run. we required the  selected prim ary event to  have
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no activities in a 35 fis interval prior to it in order for it to  have a look-back. 
This requirement was changed to 20 /is from the year 1996 onward.
4.2 .2  Trigger Hardware and Software
Let us now discuss the  trigger hardw are and the actual operation  of the 
trigger. The trigger module is also enclosed in a YrME cra te  and  consists of a 
global digital sum card, a com parator, a FIFO  memory card, a  broadcast card 
and two com puter m onoboards referred to as m aster and sate llite . T he global 
PM T sums from the detector and the veto are interrogated by a com parator 
system . There exist preset values for the detector ( Dn ) and th e  veto (Vn). If a 
global sum exceeds a  preset value, the  corresponding com parator level is set. 
If a prim ary or an activity  com parator is set, data  describing th a t event is 
w ritten  to the trigger FIFO . T he trigger operates independently  of the state  
of the proton beam and tags individual events as in-time or out-of-tim e with 
the  proton macropulse. There is a FIFO  memory bit called UH + ” associated 
w ith this tag and H + “on" signifies th a t the  event was in-tim e with the 
proton macropulse. The FIFO  also contains data  from the  com parator bits, 
the  laser bit. the bottom -edge veto bit and the pre-beam tim ing  signal.
The trigger m aster m onoboard polls this FIFO and, whenever d a ta  is 
present, subjects the FIFO  d a ta  to  the conditions for d a ta  selection. The 
flow chart of the software handling d a ta  selection is shown in  Fig. 4.3. Six 
consecutive tim e stam p addresses (TSAs) spanning a  tim e period of 0.5 fis 
are bunched together and term ed as a ■‘molecule” . Henceforth, whenever we 
speak of an event we will be referring to the composite set o f da ta  contained 
within the molecule. The m aster m onoboard software first decides w hether
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Figure 4.3: The flow chart for triggering software.
or not th e  current event lies w ithin a 15.2 fis veto hold period, as described 
earlier. If it does not. the  event is selected and categorized depending upon 
the num ber of hit detector PM Ts. The com parator levels used in the flow­
chart are obtained from Table 4.1. For exam ple, V I asserted corresponds to 
V  >  6 veto hits for any one of the six TSAs w ithin th e  event. If an event is 
selected, its  six TSAs are broadcast to each of the  13 Q T crates.
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For the  individual PM T channel th is broadcast prom pts the  transfer of 
d a ta  from the channel RAM to th e  channel FIFO. W ith the requisite  d a ta  
in the  channel FIFOs, the Q T c ra te  m onoboard begins transfering th e  d a ta  
from each of its associated channel F IF O s to  its memory. This process con­
tinues until all channel FIFOs are em pty. Then the sub-event is processed 
a t the  cra te  level and tran sm itted  to  th e  central SGI m ultiprocessor via the  
e thernet. The m ultiprocessor con tains eight independent processors. An 
event is built in one processor and a  second processor d istributes th is  event 
to the  rem aining six processors th a t were used exclusively for on-line event 
reconstruction.
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C H A P T E R  5
E V E N T  R E C O N ST R U C T IO N
In this chapter we describe the  event reconstruction procedure. Here, the 
raw date  from each PM T channel is processed into event inform ation that 
can be utilized by our analysis.
5.1 D ata  R eadout
W hen the QT d a ta  arrives a t the  SGI multiprocessor, it is first translated 
from raw d a ta  into com pact d a ta . Each com pact da ta  block consists of a 
header followed by a list of h it tubes and their QT inform ation.
The header includes inform ation which allows the event builder to  verify 
proper assembly of the event fragm ents. LSND employes a laser calibra­
tion system which is discussed in th e  next section. The header includes the 
calibration da ta  file identifier for the  event. It also includes the num ber of 
TSAs for the event, the num ber of hit detector PMTs w ith fine tim e and 
the num ber for which no fine tim e inform ation was recorded. Information 
about each hit PM T is arranged in a block of four variables: the tube  num­
ber. its time, charge and sa tu ra tio n  inform ation. This inform ation is listed 
for all hit PM Ts following the  header. The compact d a ta  bank is stored in 
CERN  library ZEBRA form at and is used for the  online event reconstruction 
procedure [45].
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 4
Table 5.1: Coordinates of the  LUDOX Bulbs.
Flask x (cm) y (cm ) z (cm)
1 -36.5 27.3 -143.5
2 35.2 28.6 1.3
3 -35.2 27.9 221.6
5.2 Laser C alibration
Individual channel calibration for th e  detec to r PM Ts was perform ed using 
a pulsed laser calibration system . This system  consists of three 500 ml optical 
flasks connected to an .V2-dye laser via fiber-optic cables. The location of 
these flasks w ithin the detector is given in Table 5.1. The Z axis is defined 
along the central axis of the detecto r and the  Y axis points upward.
The flasks are  glass bulbs filled w ith LUDOX. an aqueous colloidal solu­
tion of silica. A cable from the  laser enters each flask from the top and  is 
term inated  ju s t above the center of the  flask. This set-up generates flashes 
of light which are approxim ately isotropic.
The am plitude of the laser pulses are rem otely controlled and varied so 
as to  achieve calibration over a large energy range. A switching m echanism  
directs each laser pulse to a  particu lar flask. This is sequentially ro ta ted  to 
all three flasks and the entire cycle is continuously repeated. The laser pulses 
are spaced random ly in tim e and the  laser cycle operates asynchronously w ith 
respect to the accelerator cycle. Each laser event is tagged as a special event 
to  distinguish it from da ta  events. Due to  these features, laser events can 
serve as a random  strobe for the  d a ta  aquisition system.
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T he average ra te  of laser events is m ain tained  a t about 0.1 Hz. T he m ain 
purpose of the laser is to serve as a calibration device for th e  de tec to r PM Ts. 
T he gain and tim e responses of the  individual PM Ts and th e ir associated 
electronics, in general, vary from  channel to channel and w ith tim e. Thus 
calibration was perform ed periodically  to  adjust for these changes.
The PM T gain is defined as th e  to ta l charge o u tp u t generated  by a  pho­
to tu b e  in response to  a  single photoelectron illum ination. Low in tensity  laser 
light was used to study this response for individual PM Ts. G ain calibration  
was obtained for the  laser d a ta  by fiting the resolved single photoelectron 
peak for each PM T.
Two types of tim ing corrections were required. T he first was the  tim ing  
offset wherein the tu b e  tim es ob tained  from high in tensity  laser runs were 
used to correct for any relative offsets, in tim e, between th e  P M T  channels. 
The position of each laser flask is fixed for the experim ent and  after account­
ing for the tim e of flight for light to  travel from the flask to  a  particu lar PM T 
one could calculate the  tim e offset for th a t PM T channel.
The second correction is term ed  the  “tim e slewing" correction. This 
effect arises because of the different tim es required by PM T  pulses of varying 
m agnitudes to reach the d iscrim inator triggering threshold . For exam ple a 
sm all PM T pulse takes longer th an  a large pulse to trigger th e  d iscrim inator. 
T he functional dependence o f the  tim e slewing correction is assum ed to  be 
1 /yjq, uniformly, for all PM Ts. where q is the  PM T pulse height. T he m ean 
effect was calculated using th e  collective inform ation from  all hit de tec to r 
PM Ts for low intensity laser d a ta .
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These tim ing corrections resulted in tim es accurate to  ~  1 ns for the 
individual PM T chanels. Henceforth whenever we refer to  individual PM T 
tim es it should be understood th a t these reflect the  final values after all 
tim ing corrections were m ade. T he robust na ture  of these calibration correc­
tions is apparent when we notice th a t even though we repeated  the calibra­
tion m easurem ents periodically, the  corrections were stab le  throughout the 
da ta-tak ing  period.
5.3 Event R econ stru ction
The event reconstruction algorithm  proceeds in the  following four stages:
1. D eterm ination of <tt-
2. Fast fit.
3. Full fit. and
4. Angle fit.
This algorithm  was initially  developed using a sam ple of sim ulated Michel 
electrons. A num ber of param eters were tuned using this sam ple so as to 
optim ize the  results from each stage of the reconstruction procedure.
5.3.1 D eterm in ation  o f <rr
For each event crj is a m easure of the spread in th e  tim e  distribution of 
the PM Ts. One first calculates the mean tim e. t. for all h it detector PMTs. 
Then, err is the s tandard  deviation from the m ean PM T tim e:
crT =
i=1
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Here, t , is the tim e of photo tube i and n is the total num ber of hit PM Ts with 
fine tim e. A large ctj signifies th a t the  event is probably a result o f m ultiple 
interactions within the tank . If err >  100 ns. no further reconstruction is 
perform ed and the event is tagged as a multiple event candidate.
5.3 .2  T h e Fast Fit
This procedure gives a  fast and rough estim ate of the tim e of occurance 
of the  event and its position w ithin the detector. The first step is to  adjust 
the  tim e of all PM Ts with a  pulse height smaller than  four photoelectrons. 
The tim e for each of these PM Ts is set to the earliest PM T tim e  of it or 
one of its four nearest neighbours. The use of this procedure im proved the 
event reconstruction appreciably. Then the mean hit tim e, t , is recalculated 
ignoring hits for which i, >  t +  100 ns. The initial event tim e is estim ated  as 
the m ean tim e less 11 ns.
to = t -  11.
For each detector PM T. if its tim e. t,. is greater than the in itia l estim ate  
of the  event tim e, a correction is m ade to its geometrical position. T he PM T 
position is shifted inward, along the direction normal to the tan k  surface, 
by a distance of u(f, — t0) where v =  20 cm /ns is the velocity o f light in 
mineral oil. This displacem ent is lim ited to a m axim um  of 4.5 m. If i, <  to 
no correction is made to the  geom etrical position of the PM T. T he m ean 
corrected position of the PM Ts, with each PM T position weighted by the  
square of its pulse height, serves as an initial guess for the position of the  
even t.
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Using this initial position, the  event tim e is recalculated as th e  average 
value of the  corrected PM T tim es, weighted by the square of the  pulse heights. 
T he corrected tim e for PM T i is defined as (£, — r ,/u ) , where r, is th e  d istance 
from the event vertex to  photo tube i. Here, phototubes with ti — t0 > 17.5 ns 
or ti — t0 < —8.75 ns were ignored. Next the  event position is recalculated , 
as before, and this cycle of obtain ing  tim e and then position is repeated  
thrice. The final vertex position of the  event along w ith its e stim ated  tim e 
of occurance are fed into the next stage of the reconstruction algorithm .
5 .3 .3  T h e  F u ll F i t
A \ r function is defined as
Yr =  $ 3 ( t i  “  ri / v ~  *o)2Wi/{Q -  6 ) ,
I
where Q is the  to ta l num ber of photoelectrons collected by the  de tec to r 
PM Ts for the  event and the weight, is the pulse height of pho to tube  i if 
its corrected tim e, (f, — r ./u ) . is earlier th an  the event tim e, tQ. Else is 
0.04 tim es the  pulse height.
The quan tity  \ r is then m inim ized using a grid in space and  tim e. T he 
4-vector (x , y . z . v t ) is used to  represent the  event vertex and its tim e of occu­
rance. where the velocity of light in m ineral oil is used to convert t in to  units 
of length. An iteration  is perform ed wherein the 4-vector vertex is varied 
in steps of 25 cm over the space-tim e grid about the initial valve ob ta ined  
from the fast fit. The point on the  grid th a t gives the m inim um  value of \ P 
is chosen. T he grid step size is then  decreased to 10 cm and u ltim ate ly  to 
4 cm and we select the  4-vector vertex which minimizes This value of \ r 
is stored and used as a  m easure of goodness of the event vertex fit.
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For DAR neutrino interactions which produce an electron  in th e  detecto r, 
we observe a single short track of light. The typical track  length of about 
15 cm is very sm all com pared to the  dimensions of th e  detec to r. O n the 
other hand a neutron, being a neutral particle, is de tec ted  differently w ithin 
the detector. It cannot produce any light of its own and m ust knock out one 
or more protons w ithin the  detector m edium . The protons are then  detected  
as they generate light tracks at the ir point of production. If two or m ore 
protons are produced, the  \ r value for the fitted event tends to  be higher 
because the full fit procedure was optim ized for single track  events. This 
effect can be utilized to  help distinguish electrons from neutrons.
It should be m entioned th a t for an electron the full fit procedure locates 
the event position vertex at the m id-point of its light track . This fitted 
position is different from the creation point of the electron. For short tracks 
the difference between these positions is small. Also knowing the  direction of 
travel of the electron and  its energy, one can backtrack from  th e  fitted  vertex 
to arrive at the origin o f the electron.
5.3 .4  The A ngle Fit
As mentioned in C h ap ter 3. a relativistic charged partic le  em its Cerenkov 
light along its direction of travel in the  form of a  cone of light. For highly 
relativistic particles in m ineral oil, th is cone subtends an  angle of 47.1° w ith 
respect to the direction of travel. Thus once we locate the  vertex position 
for the event using the  full fit procedure, we can look for the  Cerenkov cone 
to determ ine its direction of travel.
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T he angle fitting algorithm , designed to locate the Cerenkov cone, is 
described below. We use the  fact th a t Cerenkov light is p rom ptly  em itted  by 
a particle whereas the  em ission of scintillation light, because of its  production 
m echanism via flourescence. is delayed.
A "prom pt h it"7 is defined as a PM T hit tha t occured w ithin 4 ns of the  
event tim e. M athem atically, th e  difference between the corrected PM T tim e. 
( t , — ri /v ) .  and the event reconstruction tim e, to, m ust be less th an  4 ns for 
a hit to be classified as a prom pt hit. The angle fitting routine uses only 
PM Ts with prompt hits.
To determ ine the event direction, we first define 26 spatia l directions 
which are uniform in 47r. T he angle fitting routine picks out one direction 
for further investigation. A variable, \ i ,  is defined as
£  ~ 4 ' - 14°)2 WQ ^Jj_)
u  4 -  2 x 12° 14.9
where 0; is the angle, in degrees, between this direction and the  line connect­
ing the event vertex to photo tube i. IT, is the pulse height of pho to tube  i. 
and r,- is the distance, in m eters, from the event vertex to pho to tube  i. The 
value of \ i  is calculated for the  chosen direction and stored.
The ratio
{9, — 47.1° )2 
2 x 12°
is lim ited to 0.S94 except in two regions, 0.052 <  cos#, <  0.309 and
cos#, >  0.927. where it is set to 1.044.
A fine net is then set up around this direction, in steps of 0.75 radians
along the polar and azim uthal directions. The angle fitting algorithm  then
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proceeds to  determ ine a local m inim um  in the variable for th e  different 
directions along the net. If a m inim um  is found, its value replaces th e  stored 
value. The direction yielding th e  minimum also supplants the  initial 
chosen direction as a candidate for th e  event direction.
This procedure is repeated for th e  remaining 25 directions. T h e  direction 
th a t provides the smallest of th e  26 \ i  values is chosen as the  event direction. 
A new variable. \ 0, is constructed using the smallest \ i  value:
Y = _________ 1 + .dJ 4 \ min
'2Qprompt( Qprompt ~  2) *
where d is the distance, in m eters, from  the  event vertex to the  cen te r of the  
tank and Qprompt is the sum of photoelectrons for PM Ts with p rom pt hits.
The values of \ a again provide d istinction  between electrons and  neutrons. 
Relativistic electrons produce C erenkov light whereas the  heavier protons 
have velocities below the Cerenkov threshold. Thus electrons typ ica lly  yield 
lower \ a values than neutrons. This separation in values of \ a for electrons 
and neutrons is due to a different physical effect than  th a t which produces 
the separation in \ r . The two can be combined and serve to augm ent each 
other when used for particle identification.
5.3 .5  Particle Identification
Besides \ r and \ a, we use one m ore variable, \ t, for particle identification. 
\ t  is a m easure of “late light” w ithin the  detector. We define a  h it as late if 
the corrected PM T tim e (f, — r , /u )  is greater than the  reconstructed  event 
tim e. tQ, by 12 ns or more. \ t is then  defined as the ratio  of num ber of PM Ts 
with late hits to the to tal num ber of hit PMTs.
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As m entioned earlier, due to  its production m echanism , scin tilla tion  light 
tends to  generate la te  PM T hits w ithin the LSND detecto r. H eavier particles 
like a proton produce only scintillation light as com pared to  electrons which 
produce both scin tilla tion  and Cerenkov light. Thus protons tend  to  yield 
higher \ e values th an  electrons. Also a neutron can knock out two or more 
protons resulting in a  spread  in the  tim e d istribu tion  and . possibly, higher 
values for \ t. We use \ t as a  final input param eter for th e  purpose of particle 
identification.
\ £ot is defined as th e  product of \ r . \ a. and \ t .
Y tot =  30 Yr \  a
This dissertation uses \ fot to  provide discrim ination between th e  electrons 
and heavier particles like the  neutrons and protons. To illu stra te  the  use 
of y tot as a particle identification param eter we will first ga ther sam ples of 
electrons and neutrons.
As mentioned earlier, cosmic ray induced events generate  th e  vast m ajor­
ity of interactions w ithin the  detector, far outnum bering th e  neu trino  events. 
We have already discussed th e  Michel electron sam ple as being a  pure and 
abundant source of electron events within the  detector. T he d istribu tion  
of tim e. dt. between th e  muon and the subsequent electron for the  Michel 
sam ple is shown in Fig. 5.1. An exponential decay, when p lo tted  using a 
logarithm ic scale along the vertical axis, should show a  linear drop-off with 
increasing values of dt.  However, some events in the  M ichel sam ple are  not 
produced via the m uon decay reaction. These are te rm ed  ‘‘accidentals” be­
cause two events, uncorrela ted  in tim e, mimic the  m uon-M ichel pair. The
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Figure 5.1: The distribution of tim e, d t , between the m uon and the  subse­
quent Michel electron, fit to  an exponentially  decaying lifetim e (= - l /P 2  ^s) 
plus a constant (= P 3).
accidental events, by definition, yield a flat dt d istribution . W hen the ob­
served dt d istribution was fit to  an  exponential plus a  constant, the  fit yielded 
a lifetim e of 2.14 fxs for muon decay. This agreed well with the  decay lifetime 
(2.15 /xs) for a proper m ixture  o f cosmic-ray fx+ and /x~ in m ineral oil. Ob­
serve th a t there are no values o f dt  sm aller th an  15.2 fis. This is because of 
the veto hold triggering requirem ent described in the  previous chapter. Also 
note the small value for the  flat background, signifying a high purity  (>98%) 
of Michel electrons w ithin the sam ple.
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Interactions induced by cosmic-ray neutrons are another m ajor source of 
events at LSND. Chosing events w ith few veto hits and ensuring th a t Michel 
events are avoided by searching for and elim inating events with prior activity, 
one can obtain  what we will loosely term  a “neutron sam ple’’.
N eutrons produce visible interactions within the detector by transferring 
energy to protons in inelastic collisions. The neutron subsequently therm ai- 
izes w ithin the  detector and may produce a 2.2 MeV gam m a if it is captured 
by a free proton. The therm alization process results in a characteristic neu­
tron cap ture  lifetim e of 186 /j .s  for mineral oil. The correlation, in tim e, 
between a  neutron event and its subsequent gam m a for our neutron sam ple 
is shown in Fig. 5.2. We once again notice the accidental and the correlated 
com ponents when we fit the tim e distribution, dt, to a constant plus an expo­
nential. For any variable, we can obtain  its distribution for a  Upure” neutron 
sam ple by using a subtraction  procedure described below. We ob tain  the 
d istribution  for the  chosen variable using the entire sam ple and a d istribu­
tion due to the  accidental com ponent by choosing only events with large dt. 
We then su b trac t the appropriately  resized accidental distribution from the 
to tal d istribution  to obtain  the final distribution for a pure neutron sam ple.
We can now use our Michel sam ple and neutron sam ple to  illustra te  the 
particle identification param eter, \ fot. Fig. 5.3 shows the \ tot d istribution  for 
a pure electron sam ple (shaded) com pared to tha t for a  pure neutron sample. 
The variable also provides good distinction between the electrons and 
the muons for energy regions of interest to this dissertation. This is because 
at DAR energies muons are not relativistic and, like the  heavier protons, 
produce only scintillation light.
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Figure 5.2: The d istribu tion  of tim e, d t , between the neu tron  and the  gam m a, 
fit to an exponential (life tim e= 202/zs) plus a  constant.
5.4 E nergy C alibration
T he sam ple of M ichel electrons was used for energy calib ration  of the
detector. The theoretical energy spectrum  for Michel electrons is given by
d N  2 2 E
—  oc E  (3 -  - — ) 
d E  E end
where E  is the energy in MeV and Eend = 52.8 MeV is the  end-poin t energy 
of the  Michel spectrum .
Assuming the detec to r energy resolution is proportional to  I / ' / E  for an 
energy E.  we can add  this resolution effect to  the theoretical spectrum . The 
resulting curve is then  fit to  the  observed energy spectrum .
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Figure 5.3: T he \ tot d istribution  for electrons (shaded) and neutrons.
At LSND. events are detected  by the light they  produce in the detector. 
The light o u tp u t is m easured by summing the charge of photoelectrons at 
each hit PM T to  obtain  the to ta l charge. Q. Thus Q is a m easure of the event 
energy and one has to ob tain  the conversion factor. A Q /A E , defined as the 
average num ber of photoelectrons generated for a loss of 1 MeV in electron 
energy w ithin the  detector. A Q / A E  and the detec to r energy resolution are 
trea ted  as free param eters to  be determ ined from the  fit to the observed 
Michel d a ta . A typical value of A Q / A E  is 35 and it varies from year to  year 
due to changes is the  gain calibration. The detector resolution a t the Michel 
end-point energy is about 7-8%.
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There is a slight dependence of Q.  the total charge deposited, on certain 
variables. One such variable is dist.  the shortest distance from the  event 
vertex to a conceptual surface passing through all the PM T faces. This 
im aginary surface lies a t the periphery of the detector, parallel to  the  tank 
walls. Thus dist  is a m easure of the depth of an event w ithin th e  detector. 
It is also used to define the  fiducial volume within the tank. For exam ple a 
dist  > 35 cm requirem ent for an analysis states th a t an event will chosen if 
it lies a t least 35 cm away from the phototube surface.
Let us now discuss th e  charge response of the  detector as a  function of 
the dist  value of an event. Imagine an electron event located a t th e  center 
of the detector (large dis t)  for which we measure the charge deposited. Q. 
Now imagine moving this event towards the outer surface of th e  detector 
(lowering dist)  and m easuring the charge for these different event positions. 
We observe th a t Q slightly but monotonically increases as we lower dis t  until 
we reach a dist of about 25 cm. From here on Q decreases sharply, especially 
around dis t  ~  0 cm. because the geometric acceptance of light drops as one 
approaches the outer edges of the  detector.
Fortunately we have a large sample of Michel electrons d istribu ted  through­
out the detector which we can use to correct for this variation of charge with 
dist.  We divide the dis t  variable into seven bins and for each bin obtain  a 
fit to the Michel da ta  and  extract the A Q/&.E  inform ation. T his informa­
tion is then used to calculate the energy of an event, correcting for the Q 
dependence on dist.
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There exist four other variables which we correct for in the sam e fashion 
as above. T he charge response is also dependent on the direction of the  event 
and its reconstruction time. There are additional dependences on the y  and 
the r  positions of the event. All these corrections, combined, am ount to 
changes of less than  10% from the uncorrected energy values. For the  1995 
data, these corrections resulted in a 15% im provem ent in the detector energy 
resolution. Fig. 5.4 shows the energy d istribu tion  of the Michel electrons 
(shaded region) w ith the solid curve showing the  fit to  this d istribution. The 
fit yields an energy resolution (denoted by P2) of 6.6% at the  end-point 
energy of 52.8 MeV.
One can verify the linearity of the energy scale obtained from this cali­
bration. At LSND we measure the cross-section of the  reaction
+  l2C —> e + l2-V3.3..
where 12 is the ground sta te  of the nitrogen nucleus. The electron from 
this reaction has an end-point energy of 35.4 MeV and the observed energy 
spectrum  is consistent with this end-point.
The nitrogen ground state  subsequently beta-decays via the reaction
l2:V9,.  -» 12C +  e+ +  i/e.
So for a ground sta te  event, we require the  detection of a positron in de­
layed coincidence with an electron. This positron has an end-point energy of 
16 MeV. again consistent with our observed beta-decay spectrum .
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Figure 5.4: A fit (solid line) to  the  observed M ichel energy distribution 
(shaded), yielding detector resolution of 6.6% at 52.8 MeV.
5.5 D etector Sim ulation
A detailed M onte Carlo sim ulation, LSNDMC [46], was w ritten  using 
the CERN G EA N T package to sim ulate events in the  detector. T he goal of 
the sim ulation was a com plete description of events in the  LSND detection 
apparatus.
This dissertation uses only sim ulation d a ta  obtained  from the tank. We 
will briefly discuss portions of the  sim ulation program  which are relevent to 
our analysis. More inform ation can be found elsewhere [47].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7 0
The G EA N T geom etry package was used to define the  tank. The tank  
PM Ts were positioned in the sim ulation to m irror their actual location w ithin 
the  tank . They were represented as having hemispherical photocathodes, 
although one had the  option of sw itching to their real ellipsoidal shape. T he 
PM T response to  light was modelled, as was the electronics associated w ith 
each PM T channel.
Both Cerenkov and scintillation light were sim ulated in detail and each 
optical photon was tracked until it was absorbed or it arrived a t a  photo tube 
surface.
The sim ulation program  required a  position and a m om entum  for each 
detector event one wished to sim ulate. One could use an in ternal generator 
which produced a  sam ple of events d is tribu ted  uniformly w ithin the detector 
and uniform ly in a  preselected range of energy. If one desired an event sam ple 
occuring due to a  particu lar process, one employed an external generator 
program . This program  uses a theoretical model for the chosen reaction to 
produce a list of positions and m om enta, in the required form at, to be used 
as input for the detec to r sim ulation program .
Using th e  external generator, we ob tained  a sample of sim ulated Michel 
electrons. This sam ple could then be directly  compared to the  Michel d a ta  
sam ple for quan tities like the m easured electron energy and the  fraction of 
Cerenkov light to scintillation light generated in the tank. Fig. 5.5 shows 
th a t the  sim ulated Michel energy d istribu tion  (dashed line) compares well 
w ith the  observed distribution, shown in solid.
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Figure 5.5: The Michel energy distribution for d a ta  (shaded) and simulation 
(dashed line).
The sim ulated  sam ple of Michel electrons was also used to measure the 
detector position and angular resolutions. T he actua l positions and mom enta 
of the sim ulated  particles are input to the sim ulation. T he reconstructed po­
sitions and directions are obtained using the event reconstruction algorithm. 
One can then com pare the reconstructed values to the actual values for each 
event. Using these comparisons, we obtain a position resolution of 20 cm and 
an angular resolution of 12° for the sam ple of sim ulated Michel electrons.
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The analysis presented in th is dissertation selects a subset of events from 
th e  to ta l da ta  sam ple by im posing restrictions on some variables. For exam ­
ple. an event is considered for selection if its energy, E.  lies w ithin th e  range 
IS < E < 50 MeV'. This restriction will be referred to as a  •‘c u t” in energy. 
T he au thor used the detector sim ulation to obtain  acceptance inform ation 
due to the  cut in energy, as described below.
Theoretical models w ithin the  ex ternal generator were first em ployed to 
g enetra te  stream s of events for each of the  various neutrino-eiectron elastic 
scattering  and neutrino-nucleus processes. The generated stream s were input 
to the  detector sim ulation program  and the ou tpu t, which was designed to 
m irror real observed events, was w ritten  out in the sam e d a ta  form at and 
sub jected  to the same event reconstruction procedure as the  observed events. 
These sim ulated events were then  subjected to the energy cut and the  fraction 
of events which survived the cut was term ed as acceptance of the  cu t.
A cut is also employed to select events for which the detected  electron 
points along the direction of the  incident neutrino. This angle cut, discussed 
in the  next chapter, is designed to  select most of the  elastic scattering  events 
while rejecting o ther neutrino induced events and cosmic-ray backgrounds. 
T he acceptance of this angle cut is aslo obtained using the detecto r sim ulation 
program .
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C H A P T E R  6
E V E N T  S E L E C T IO N
In th is chap ter we discuss the  procedure for selecting neutrino-electron 
elastic sca tte ring  events while a ttem p tin g  to  minimize the  background from 
neutrino-nucleus processes and cosm ic-ray interactions.
At LSND. the  neutrino  itself is not seen w ithin the detector but we infer 
its presence by recording o ther particles produced as a result of neutrino 
in teractions. For the  neutrino-electron elastic scattering process
v  +  e~ —> u  +  e~,
we observe the  recoil electron which is produced a t the point of interaction.
O ur goal is to  m easure the  cross-section for the  elastic scattering process 
where, specifically, the  neutrino is of the  electron type. All o ther neutrino 
induced processes a t LSND which result in production of electrons are a 
source of background th a t m ust be considered in the analysis.
6 .1  E le c t r o n  N e u t r in o - E le c t r o n  E la s t ic  S c a t te r in g  
This reaction
V,. + e~ V,. +  e~ .
as described in C hap ter 1. proceeds via bo th  charged current and neutral 
curren t channels. T he analysis presented in th is dissertation is designed to 
m easure th e  cross-section of this reaction.
73
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We detec t th e  electron and can obtain its energy and direction of travel, 
as described in the  previous chapter. Let us define 0  as the  angle between 
the electron d irection  and the direction of th e  incident neutrino. Fig. 6.1 
shows the  energy distribution and the d istribu tion  of cos 0  for a sam ple of 
sim ulated electrons obtained for the uee~ elastic sca tte ring  process.
500
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a
Figure 6.1: T he energy and cos 0  d istributions for electrons produced via 
the uee~ —> uee~ reaction.
Each plot of sim ulated data shown in this thesis was generated using the 
following procedure. F irst, a theoretical model for th e  process being studied 
and the neu trino  energy spectrum  were employed to  generate events. The 
detector response to  each event was then sim ulated using the detector M onte 
Carlo sim ulation program  and the ou tpu t was processed in the same fashion 
as real da ta . T hus these plots will reflect all d e tec to r resolution effects seen 
in real data.
As explained in C hapter I. Section 1.3.3. the  kinem atics of the uf e~ —>■ 
uee~ reaction d ic ta tes  th a t the cos0  distribution is sharply  forward peaked.
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This feature will allow us to separate elastic scattering events from neutrino- 
nucleus events.
6.2 N eu trin o-E lectron  E lastic S catterin g  for M uon-type N eutrinos
The DAR chain produces uu and ue. each with the same relative
intensity as described in C hapter 2. The energy spectra of these neutrinos is 
shown in Fig. 6.2.
i
i' 4
N w n r tw  E iw gY (U »V )
Figure 6.2: The energy distributions of DAR neutrinos. 
Neutrino-electron elastic scattering can proceed via the two reactions
V n  +  e ~  -*■ +  e ~
and
+  e ->• Vp +  e
in addition to the  uee~ —> uf e~ process discussed in the previous section.
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T he two reactions involving neutrinos of the  m uon type (i/M and u^) can 
proceed only through the neu tral current in teraction. As a result their cross- 
sections are sm all com pared to the  uee~ —y i/ee~ reaction. We expect only 
about 22% of all neutrino-electron scattering events to  occur due to neutrinos 
of the muon type.
The energy and cos 0  distributions, for sim ulated  electrons produced via 
the  i/^e~ —y u^e~ reaction, are shown in Fig. 6.3. T he  corresponding plots 
for the  t/„e-  —y u^e~ process are shown in Fig. 6.4.
Figure 6.3: T he electron energy and c o s0  d istribu tions for the  u^e —y 
process.
At LSND. we cannot distinguish i/M and in teractions with electrons
scattering events and sub tract the  expected contribu tion  due to neutrinos of 
the  muon type.
We also have a source of uu from DIF neutrinos. However, this DIF 
contribution to the  elastic scattering  is very sm all as we will see later.
Ene'qyCUev)
from £/„ interactions on electrons. Thus we will ob ta in  a sam ple of all elastic
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Figure 6.4: T he electron energy and cosO  d istribu tions for the u^e~ —>• 
process.
6 .3  N e u tr in o - N u c le u s  In te ra c t io n s
Chem ically, m ineral oil is composed of a linear chain hydrocarbon molecule 
(C nH in+2) where n varies from 22 to 26. Isotopically, the carbon content is 
98.9% l2C’ and 1.1% 13C .
At DAR energies, z/M and 0^ in teract w ith carbon  and hydrogen nuclei 
only through elastic scattering and do not produce any electrons. Also 
reactions w ith protons do not yield electrons. T h e  charged current (CC) 
reactions of i/e on carbon do produce electrons an d  are  of interest to us.
6 .3 .1  C C  I n te r a c t io n s  o f  ue on  l2C
The u y2C  —v e- AT reaction can be divided into two components depending 
on the product X. If X is the ground s ta te  of n itrogen  [l2Ng.3.), we classify 
the event as a  “nitrogen ground sta te” event,
i/e + l2C -> e~ + l2Ng.s..
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We can identify a ground sta te  event because, following the  detection o f the 
e~. the  beta-decays via the  reaction
l2Ng.s. - * l2C + ue + e+
and we detect the  positron in delayed coincidence w ith  the electron.
Due to  the  e - e+ coincidence we can cleanly ex trac t a  sam ple of ground 
s ta te  events. Also the  theoretical cross-section for th is  process is well known. 
Hence the  m easurem ent of this cross-section provides a  good check for the 
experim ent.
C om plim entary  to the ground sta te  reaction, we have transitions to  ex­
cited sta tes of 12 :V. They proceed via the reaction
ue + l2C  -»• e~ + 12jV*
where 12N"  is an excited s ta te  and excludes l2Ng.3.. T h e  excited states decay 
by prom pt proton emission and thus do not feed down to  the l2Na.3. or 
con tribu te  to  th e  delayed coincidence rate.
The LSND collaboration has published cross-sections [48] for both these 
reactions and the  results will be discussed below.
6 .3 .1 .1  T h e N itrogen  G round S tate R eaction
Plots for the  electron energy and the  cosO  d istribu tion  for a sam ple of 
sim ulated  electrons generated for the ground s ta te  reaction are shown in 
Fig. 6.5.
Notice th a t the  cut-off in electron energy is significantly below the end­
point energy of the  i/e spectrum  due to the difference in energy between the 
l2-VJ .s. and the  l2C' nuclear states. Also notice the  asym m etry  in the cos 0
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Figure 6.5: The electron energy and cos 0  distributions for the
l2C(ue,e ~ )n N 9'3' reaction.
distribution which indicates th a t there is m ore scattering  in the backward 
direction than  in the  forward direction.
The LSU group was prim arily responsible for the analysis of z/e-Carbon 
data  at LSND. For the  nitrogen ground sta te , a cross-section of (9.1 ± 0 .4  ±  
0.9) x 10- 42cm 2 was m easured [48] which com pared well with the various 
theoretical predictions. Below we show some plots from this analysis to 
indicate how the m easured quantities com pared with their expected values.
The m easured energy distribution of the detected  electron is shown in 
Fig. 6.6 with the solid curve showing the expected energy distribution. Fig. 6.7 
shows the energy d istribution  of the positron from the l2Ng.3. beta-decay, ob­
served in coincidence with the  electron. The good agreem ent between the 
observed and the expected distributions shows th a t the  energy calibration 
works well even a t low energies.
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Figure 6 .6: The energy distribution for electrons produced in the  ground 
s ta te  reaction.
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Figure 6.7: The energy d istribution for the  beta-decay positron.
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T he lifetim e of the nitrogen ground s ta te  decay is 15.2 ms. Fig. 6.8 
shows the observed tim e distribution betw een the  electron and the positron. 
The expected tim e distribution, shown by th e  solid line, agrees well with the 
observed tim e d istribution. The dotted  line shows the  accidental component.
5Ul
io r
40 50 60
Figure 6.8: The tim e distribution between the  electron and the subsequent 
positron in the ground sta te  reaction.
6.3.1.2 The Reaction to the Excited States
For the  l2C (ue, e~)l2N “ process, we de tec t only the electron. Thus events 
from this reaction and a  fraction of events from the ground state reaction 
where we do not detect the  positron com bine to  produce a neutrino-induced 
background for the neutrino-electron elastic sca ttering  events.
The energy and cos 0  distributions for a  sam ple of simulated electrons 
generated for this reaction are shown in Fig. 6.9. We observe that the cos 0  
d istribution  is more backward peaked th an  for the  ground sta te  reaction.
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Figure 6.9: The electron energy and cos 0  distributions for the
l2O e. e - ) l2:V- reaction.
The LSND collaboration has m easured a cross-section of (o .7± 0 .6± 0 .6 ) x 
10- 42cm 2 [48] for the 12C(i/e. e~)l2N m reaction which should be com pared 
to the cross-section from a recent CRPA calculation [49] of 6.3 x 10- 42c m 2. 
Fig. 6.10 shows a plot of the measured electron energy distribution com pared 
to  the expected (solid curve) distribution for this reaction.
6 .3 .2  C C  in te ra c t io n s  o f ue on  13C 
The charged current interaction
i/e + l3C  -+ e -  +  .V.
where X is any final sta te  of 13iV. results in the  production of electrons. 
The contribution to neutrino induced background from this reaction is small 
because l3C comprises only about 1% of the  carbon in LSND. However, the  
cross-section of i/e on l3C is larger than  th a t on l2C. Thus this background 
to  the i/ee~ elastic scattering process is not insignificant.
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Figure 6.10: T he energy d istribu tion  for electrons produced in the
l2C (ue. e~ )12.V“ reaction.
6.4 Cosm ic-ray Background
Cosmic-ray interactions can produce electron or electron-like events w ithin 
the detector. C ertain  standard  selection criteria, to be discussed in the next 
section, were devised to reduce this cosmic-ray (CR) background. Despite 
these efforts, due to the high ra te  of cosmic-ray in teractions we still have a 
sizable CR background.
There are two m ajor sources of CR background. Michel electrons, pro­
duced in the decay of cosmic-ray muons, contribute a  large fraction of events 
to the CR background.
A second source of CR background is a ttrib u ted  to  neutrons produced by 
cosmic-ray muons. Those cosm ic-ray muons which en te r the  tank , barring
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Figure 6.11: The electron energy and cos 0  distributions for the  13C (ue, e ).V 
reaction.
any inefficiency, are detected  and  tagged in the  veto. But those th a t miss the  
tank  may produce neutrons in th e  ou ter shielding m aterial. These neutrons 
may en ter the  tank undetected  by the veto. A small fraction of these neutrons 
are misidentified as electrons. However, due to the  large num ber o f cosmic- 
ray neutrons entering the detec to r we have a substantial source of cosm ic-ray 
electron-like events due to m isidentified neutrons.
Having discussed the  C R  background, we should point out th a t th is  back­
ground can be measured and then  sub tracted  to yield only the beam -induced 
events. At LSND. the de tec to r is operational irrespective of w hether th e  pro­
ton beam  is present (beam  is on) or absent (beam  is off). The beam  cycle, 
as explained in C hapter 2 . operates so th a t the beam  is on approxim ately  
6% of the  time. During the beam -off period we a ttr ib u te  all de tec ted  events 
to cosmic-ray interactions. We now describe the beam-on m inus beam -off 
subtraction  procedure used to  elim inate the  CR background.
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Table 6.1: D uty Ratios.
Year C alculated  value
1994
1995
1996
1997 
Average
0.0S0 ±  0.001 
0.060 ±  0.001 
0.056 ±  0.001 
0.048 ±  0.001 
0.062 ±  0.001
The du ty  ratio is defined as the  ra tio  of tim e the  beam is present to the  
tim e it is absent. The sample of Michel electrons is gathered independent of 
the beam  sta tus. This is a large and clean sam ple, ideal for the  determ ination 
of the duty  ratio. Here, the duty  ra tio  is the  ratio of the num ber of beam-on 
to beam-off Michel electrons. The du ty  ra tio  was calculated individually for 
each year of data  collection, as shown in Table 6.1. Various o ther samples 
were also used to determ ine the duty  ratio . For exam ple, a very large sam­
ple of all prim ary events was used. For th is sample, beam -induced neutrino 
events accounted for only about 1 in 10s triggers and were a negligible per­
tu rbation  to the du ty  ratio calculation. All samples yielded, w ithin error, 
the sam e du ty  ratio.
For any sam ple of selected events, we use the duty ratio  to  resize its 
beam-off com ponent to obtain a beam -on cosmic-ray contribution. We then 
sub tract this contribution from the beam -on com ponent of the sam ple. Q uan­
titatively,
^ e x c e s s  _  ,yon _  r a t l Q  x  ,y o f f
where y exces3 \s the number of beam-excess events produced due to neutrino
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interactions. N on (N ° ^ ) is th e  num ber of beam -on (beam-off) events for the  
given sam ple of events.
This procedure should remove all cosmic-ray related events from the 
beam-on d a ta  sam ple regardless of the  size of the  CR background. However, 
the larger the CR background, the  larger the  statistical error associated w ith  
this subtraction. It is desirable to  reduce this error by decreasing the size of 
the CR background, especially for cases like the present analysis which have 
large statistical errors.
M at hem at icallv.
^crccsj — ^  o n  ! T l C Q l l C J l b l G  £ G 1' 111,
where crexce33 (cron) is the  erro r for the  beam-excess (beam-on) sam ple. Thus, 
the  relative error is given by
crexce« \AVon
- -  -    ^
y excess  y  e x c e s s  *
W riting N on as a sum of \[exce3S plus the  cosmic-ray subtraction  term , we 
have.
(Texce33 \ j N exce3a + du ty  ratio  x N° f f
___________  «-s»/ -V------ _ _ .
y  e x c e s s  ,y e x c e s s
and observing th a t ,Vexcess. barring  any statistica l fluctuation, is a constant
for the given d a ta  sam ple, we can reduce the  statistical error only by reducing 
the size of the  CR background.
In the next section we will discuss event selection criteria which are de­
signed to lower this background.
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6.5 T he S election  C riteria
T he event selection procedure involves choosing a  subset o f events which 
are of interest to  the  analysis. This is achieved using a set o f selection criteria. 
Each criterion, term ed a cu t. generally involves a variable in the  analysis, 
whose range we lim it via the  cut. For example, the  range in energy for the
present analysis is lim ited  to  18 <  E  < 50 MeV.
For events belonging to  a  particu lar process, the  accep tance of a cut is 
defined as the  fraction of events which survive the  cu t. For exam ple, our 
de tec to r sim ulations indicate only 34% of the event sam ple for th e  uee~ —>• 
uee~ process, present before any energy cut was applied, survive the cut in 
energy yielding an acceptance of 0.34. Since a sam ple o f real d a ta  events for 
the  process being analysed is unavailable, we calculate the  acceptance of a 
cut using a readily available sam ple which mirrors the  behaviour of the real 
d a ta  sam ple for th a t p a rticu lar cut.
O ur goal was to design cuts th a t have a  large acceptance for the  ve~  elas­
tic scattering  process while reducing the background due to  o th e r neutrino 
induced processes and cosm ic-ray interactions. In this section we will define 
all the  cuts and discuss th e ir functionality. We will also discuss th e  process 
of obtaining the  acceptance of each cut.
It should be m entioned th a t if two or more cuts are  correlated, their
acceptance values will depend on the order in which th e  cu ts are made. 
Below we will list the  cu ts in the  order in which we apply  them . S tarting  
from the top when we apply  a cut which is next on th e  list, we imply th a t 
all the  cuts prior to it have already been applied. We ob ta in  and  report the 
acceptance value of each cut by proceeding in this sam e fashion.
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6 .5 .1  T h e  F id u c ia l  V o lu m e  C u t
The variable dis t  was defined in the  previous chapter as the  shortest 
distance from the event vertex to  the  photo tube surface. The cut dis t  >  
35 cm requires all events to be reconstructed w ith the ir vertices a t least 35 cm  
away from the photo tube surface. This excludes the outerm ost region of th e  
detector and helps discrim inate against cosmic-ray particles which en ter th e  
tank. This exclusion also alleviates the  problem  of calculating the  various 
detector responses which vary more rapidly near the  phototube surface.
The acceptance of the  dis t  cut was determ ined from an analysis of stopped  
muon events for which bo th  the muon and the  subsequent electron were 
detected. The decay electrons were required to  satisfy a m inim um  energy 
cut. No fiducial cut was imposed on this sam ple and o ther than  the energy 
requirem ent essentially all muons which stopped in the tank and  decayed 
were included in the  analysis sam ple. For com parison, a sam ple of stopped 
muon events was generated using the  detector sim ulation program.
For the  decay electron, the observed and the generated dist d istribu tions 
were com pared. The observed d istribution  was found to be shifted outw ard, 
relative to  the generated d istribution . This m eant th a t there was a slight 
reconstruction bias which tended, on average, to push the  reconstructed vetex 
towards the  ou ter edge of the  detector. Various independent analyses [50. 51] 
were used in determ ining an acceptance value of 0.85 ±  0.05 for th e  dist  cu t.
6 .5 .2  T h e  y > —120 c m  C u t
We employ a y  >  —120 cm cut which, like the  dist  cut, depends on th e  
position of the event w ithin the detecto r - in particu lar its position along
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the vertical (Y ) axis. The y  >  —120 cm cut removes a strip , ( — 160 < y < 
— 120 cm )1, from  the  bottom  of the tank. This cut was imposed because there 
is a large C R  background a t the  bottom  of the detecto r due to  the  absence of 
a veto counter below the detector. Fig. 6.12 shows a plot of the  y  d istribution 
for cosmic-ray events. The shaded region shows events th a t are excluded by 
the y > —120 cm cut. T he sam ple of events plotted in Fig. 6.12 is obtained 
by choosing only th e  beam-off component with all the  cuts m entioned in this 
section in force except for the  y  >  —120 cm cut.
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Figure 6.12: T he y  distribution of cosmic-ray events.
The acceptances of each cut. including the y > —120 cm cut, for the 
uee~ —► uee~ process are listed later in Table 6.3.
‘The dist >  35 cm cut implies y >  —160 cm at the bottom o f the tank.
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6.5 .3  T h e E nergy C ut
VVe observe from the  sim ulated energy d istribu tion  of Fig. 6.1 th a t the  
energy d istribution  drops off with increasing energy. Hence the lower the 
energy cut we set. the  higher will be its acceptance.
U nfortunately, if we go below 18 MeV we s ta r t picking up large CR 
backgrounds as seen in Fig. 6.13. Again, we plot only the  beam-off com ponent 
of a sam ple selected using the entire  set of cuts except for the  energy cut. 
Events excluded by the E  > 18 MeV cut are shown by the  shaded region. 
For our analysis we select a 18 <  E  <  50 MeV cu t.
(O
c<u
>
LJ
20
34
Figure 6.13: T he energy d istribution  for cosm ic-ray events.
One source of CR background below 18 MeV arises from cosmic-ray n~  
which stop in the detecto r and are captured on carbon. This reaction pro­
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duces boron which subsequently beta-decays via the reaction
l2B  -> I2C +  ue +  e~.
T h e  beta-decav electron has an end-point energy of 13.4 MeV. However, 
owing to detec tor resolution effects and the  high rate  of production of this 
background we observe its high energy ta il in Fig. 6.13. The E  > 18 MeV' 
cu t elim inates most of the  background from this source.
This 18 MeV energy cu t also elim inates most of the  neutrino-induced 
background due to 15.1 MeV gam m as. These are produced in th e  neutral 
cu rren t neutrino-carbon reaction. l2C (v . u ')n C~. The l2C* nucleus de-excites 
via the  emission of a 15.1 MeV gam m a. T he electrom agnetic interactions of 
th e  gam m as w ithin the detector can mimic electron events. However the 
18 MeV energy cut elim inates most of th is  background.
T he acceptance of the  energy cut is obtained from a sam ple of sim ulated 
events generated  for the  desired neutrino reaction and processed to  resemble 
real d a ta  using the detector M onte Carlo sim ulation program .
6 .5 .4  T h e P ID  Cut
In the previous chapter we saw th a t the  \ tot variable could be used for 
partic le  identification. T he \ iof <  0.85 cut used in the present analysis serves 
to  reduce th e  background due to cosmic-ray neutrons.
To calculate  the \ tot acceptance for the  i/ee~ —> i/ee~ process, we have to 
account for the  fact tha t the  \ tot variable has an energy dependence. We use a 
sam ple of Michel electrons to determ ine th is acceptance. However, the  Michel 
energy spectrum  differs from the energy spectrum  due to the  uee~ elastic 
sca tte ring  process. We correct for this by weighing each event of the  Michel
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sam ple according to its energy to obtain a  final energy d is trib u tio n  of the 
weighted Michel sample which resembles th a t for the uee~ elastic scattering  
process. This weighted sam ple then yields the proper acceptance.
6.5 .5  T he In-tim e V eto C ut
This cut elim inates events which produce activity in the  veto system  in 
addition to the interaction w ithin the  tank. Thus this cut m ainly  elim inates 
cosmic-ray muons.
For events to survive the  cu t, we require
veto h its  +  crack h its  <  4
and
no activity in the bottom-edge counters,
where, for each event, the  variable veto h its  (crack hits)  denotes th e  sum 
of hit veto (crack counter) PM Ts. This composite cut will be term ed  the 
"in-tim e veto” cut because we use hits in the veto system  th a t occur during 
the  tim e-span (500 ns) of the  event.
The Michel electron sam ple provides a good source for determ in ing  the ac­
ceptance of this cut since for this sample, like any sample of neutrino-induced 
events, we do not expect activ ity  in the veto system which is correlated  to 
the prim ary event. Thus we can calculate the acceptance from th e  fraction 
of Michel events which survive the in-tim e veto cut.
6.5 .6  T he Cut for Prior A ctiv ity
As we mentioned earlier, Michel electrons are a m ajor con tribu to r to  the 
CR background. They are produced when cosmic-ray muons stop and  decay
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within the  tank  with an expected decay lifetime of 2.15 /zs. To reduce this 
background, we search for any activity prior to a p rim ary  event which m ay 
be a ttrib u ted  to a muon.
In C hapter 4 we discussed a feature of the  trigger software, the  15.2 ps  
veto-hold which prevents the broadcast of a prim ary if there is an activ ity  
in the  veto w ithin a 15.2 fis period prior to the prim ary. This veto-hold 
requirem ent reduced the triggers from Michel electrons by a factor of 103.2 
We extend this triggering requirement by selecting only events which have 
no activ ity  e ither in the veto or the tank for at least 20 fis prior to  the  
prim ary event. This requirement reduces the background from cosmic-ray 
Michel electrons by a factor of 104.
In addition, for a period of 20-35 y.s prior to the  p rim ary  event we have 
a modified requirem ent which was designed to selectively identify cosmic-ray 
muons w ithout causing a  large reduction in electron acceptance. Cosmic-ray 
muons generally travel a fair distance into the detec to r and thus generate a 
lot of charge. For any activity in the 20-35 fis in terval prior to the  event, 
we term  it as a cosmic-ray muon and reject the p rim ary  event from our d a ta  
sam ple if
Q > 3000
or
ta n k  h its  > 100 and veto hits +  crack hits > 4,
where Q. as before, is the  total charge in photoelectrons generated a t the  
detector PM Ts and ta n k  h its  is the corresponding sum  of hit detector PM Ts.
2 Every 5 pis interval leads to, approximately, a factor of 10 reduction.
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The Q value of 3000 is approxim ately equivalent to  a m uon energy deposit 
of 100 MeV within the  tank.
This composite cut will be referred to as the  A t past >  20 ,35 fis cut and its 
acceptance is calculated using a  sam ple of laser events. T he  laser events can 
be used as random strobes and . as is the case for neutrino-induced events, 
we do not expect any correlated activities prior to  th e  laser events. Hence we 
can calculate the  acceptance for all neutrino-induced events by determ ining 
the fraction of laser events which survive the A tpast cut.
6 .5 .7  T h e Cut for Future Triggers
This cut has two com ponents. T he first is designed to  e lim inate  muons 
which are misidentified as electrons. If these subsequently  decay to  produce 
Michel electrons, we can search for triggers recorded in th e  fu ture. Thus, for 
any prim ary event, if w ithin S.8 / i s  into its fu ture we d e tec t a  trigger with 
ta n k  h its  > 75. we identify it as a Michel electron and reject the  original 
even t.
The second com ponent is designed to  elim inate n itrogen ground sta te  
events. For these events, we first detect an electron via th e  process
ve + 12C  -*• e~ + n lVg.3.-
Then l2Ng.3. beta-decays via the  reaction
l% . 3. - » l2 C  +  i/e +  e +
with a lifetime of 15.9 ms. The beta-decay positron has an end-point energy 
of 16.S MeV. We identify a subsequent trigger as the  positron if it satisfies 
the following criteria:
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ta n k  hits > 75(100 fo r  1994 data).
E  < 18M eV.  
dist > 0, 
in-lime veto cut. 
o'lfis <  A t < 45m s.  and  
A r <  1 m.
where A t (A r) is the  tim e interval (distance) betw een the  e - e+ pair.
T he acceptance of this composite cu t. te rm ed  the  A tfuture cut. is once 
again determ ined  from laser events. Only a sm all fraction of laser events 
satisfy the  m uon or beta  identification cuts due to accidental coincidences. 
We calcu late  the  acceptance for elim ination o f the  muon separately from 
th a t for elim ination  of the beta. We then com bine the  two to obtain the 
acceptance of the  A t f uture cut . as seen in Table 6.2.
Table 6.2: The Acceptance Values for th e  A t / uttire Cut.
Cut A cceptance value
Elimination of muon 
Elimination of beta
0.998 ±  0.001 
0.9S5 ±  0.001
A f future 0.983 ±  0.001
6 .5 .8  T h e  cos 0  C u t
We notice th a t the  cos© distribution for all th ree  ue~  elastic scattering 
processes is sharply  forward peaked. To select these processes and discrim­
inate against the  backward peaked neutrino-nucleus interactions we use a 
cos 0  >  0.9 cut.
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Table 6.3: The Acceptances for the uee —> uee Process.
Cut A cceptance
dist > 35cm 
y  >  —120cm 
18 <  E  < 50M e V  
X t o t  <  0.85 
In-tim e veto 
-Mpo5t >  20,35y s
f u t u r e
cos 0  >  0.9 
DAQ Dead Tim e
0.85 ±  0.05 
0.915 ± 0 .0 1 5  
0.34 ± 0 .0 1  
0.894 ±  0.010 
0.981 ±  0.005 
0.682 ±  0.005 
0.983 ±  0.001 
0.82 ±  0.01 
0.97 ±  0.01
Total Acceptance 0.124 ± 0 .0 1 0
This cut has a  large acceptance for the ue~ elastic  scattering  events but 
is conservative in the  sense tha t it lies below the  sharp ly  falling edge of the 
cos 0  d is tribu tion  for these elastic scattering events. This choice minimizes 
the uncertainty in the  calculated acceptance of th e  cos 0  cut. The acceptance 
of this cut is obtained  from a sample of sim ulated M onte Caxlo events for the 
required process.
6.6 The A ccep tan ce  Values
The acceptance value of each cut along w ith its erro r for the uee~ —v uee~ 
process is listed in Table 6.3. For a small fraction o f the  tim e, the detector 
was unable to  collect d a ta  mainly due to overw riting of d a ta  a t a channel 
FIFO. The DAQ dead tim e variable, listed as one of the  cuts, records the 
acceptance value due to this effect.
Earlier, we have discussed the various neutrino induced processes which 
are a background to the  uee~ —»• uee~ process. T he acceptances of all the cuts
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Table 6.4: The Total Acceptances for the  Different N eutrino Processes.
Process Total A cceptance
uee~ — uee~
-> i/ue~
12C (V '.e~ ) l2N3.s•
l2C{ve.e ~ ) l2N -
l3C (ve, e - ) X
0.124 ± 0 .0 1 0  
0.105 ±  0.008 
0.116 ±  0.009 
0.0073 ±  0.0006 
0.0065 ±  0.0004 
0.0227 ±  0.0021
for each neutrino-induced background were recalculated  if needed. We list 
only th e  to ta l acceptance, due to  the  com bination of all cuts, for each of these 
processes and com pare them  to the to ta l acceptance for the uee~ —► uee~ 
process in Table 6.4. It should be noted th a t for th e  l2C{ue, process,
the  A t j uture cut excludes events with an  identified beta. The acceptance for 
th a t process is thus calculated for cases where we do not detect a beta.
6 .7  Sum m ary
In this chapter we have discussed the  various neutrino-induced and cosmic- 
ray backgrounds to the uee~ elastic sca ttering  process. We then described the  
cu ts we used in obtaining a prelim inary sam ple of elastic scattering events. 
However, we have not com pleted our discussion of the  selection procedure. 
In the  next chapter we will discuss two m ore cuts th a t were designed specif­
ically to further reduce the cosmic-ray background. T he explanation of how 
bo th  these cuts were constructed and th en  applied is m ore involved than  the  
cu ts described above and we will devote the  next chap ter to  this discussion.
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R E D U C T IO N  OF C O SM IC -R A Y  B A C K G R O U N D
In th is  chap ter we describe two add itional cuts which are specifically 
designed to  fu rther reduce the C R  background. T he  first cut is designed to 
reduce a  background whose source will be traced  to cosmic-ray muons. It 
is based on a  ra tio  of likelihoods which utilizes the  veto inform ation from 
look-back events. T he description of th is  likelihood analysis as well as its 
results will be discussed in Section 7.2.
T he second cut is aim ed at reducing th e  background arising from neu­
trons produced via cosmic-ray interactions. A neutron interacts w ithin the 
d e tec to r, producing a prim ary event. It subsequently  therm alizes and may 
be cap tu red  via the  reaction
n +  p ->■ d  +  7 ,
yielding a 2.2 MeV gam m a. Thus the detec tion  of a gam m a in conjunction 
w ith a  p rim ary  event signals th a t the p rim ary  event may be neutron induced. 
In Section 7.3 we will construct a likelihood analysis, using inform ation from 
gam m as, to  identify and reject the  neutron induced events.
7.1 M o tiv a tio n  for R eduction  o f C R  B ackground
In th e  previous chapter we chose prim ary  events of interest to the uee~ 
e lastic sca tte rin g  process by applying all the  cuts discussed in C hapter 6. 
Section 6.5. YVe term  the sam ple of events thus selected as our “prelim inary 
sam ple” .
9S
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Figure 7.1: T he energy d istribution for beam -on (normalized beam-off) 
events shown by the solid (dashed) curve for our prelim inary sample.
For th is sam ple let us plot the  energy d istribution  for beam-on events, 
shown by the  solid curve of Fig. 7.1. Also shown is the  cosmic-ray sub traction  
(dashed curve), obtained by norm alizing beam-off d a ta  to the period the  
beam  was on. The energy distribution of beam-excess events, produced via 
neutrino in teractions, is then obtained by sub tracting  the dashed curve from 
the  solid curve.
As m entioned in C hapter 6, Section 6.4 the  lower the cosmic-ray sub­
traction , the  lower the  statistical error for the  m easurem ent. Thus in th is 
chap ter we seek to reduce the CR background of our preliminary sam ple by 
constructing two likelihood analyses described below.
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7.2 L ikelihood  A nalysis o f  Look-back Events
As discussed in C hapter 4. Section 4.2 we use threshold values for detector 
and veto hits to  m ake triggering decisions. For any event to be recorded as 
an activity, it m ust meet or exceed a  threshold requirem ent of 18 hits in the 
detector a n d /o r  6 hits in the veto. In the previous chapter we have discussed 
cuts to elim inate  prim ary events w ith prior activities because we a ttrib u te  
such a pair of events to  a cosmic-ray muon and its subsequent decay electron. 
Look-back events were designed to check a 6 /us interval prior to a prim ary 
event and ensure th a t the prim ary event was not produced as a result of a 
prior event which itself escaped detection by producing fewer hits th an  the 
activity threshold.
Look-back events were introduced for data  collected from 1995 onwards. 
All PM T hits th a t occur in the two intervals 0-3 and 3-6 fis p rio r to prim ary 
events are recorded, separately, as two look-back events. T h is is done for 
both the detec to r and the veto PM Ts. For this dissertation we will use only 
the look-back inform ation from the veto to identify cosmic-ray muons which 
escape detection  in the veto and subsequently produce the p rim ary  event.
Due to hardw are constraints not all prim ary events could be w ritten  out 
with look-back inform ation. For the 1995 run, only those prim aries w ith 300 
or more PM T h its in the detector and no activity  w ithin the  p ast 35 /us were 
chosen to have look-back events. From 1996 onwards the tim ing  requirem ent 
was lowered to  no activity  within the  past 20 fis. Also for th is look-back 
analysis we will choose only prim ary events th a t are contained w ithin our 
prelim inary sam ple.
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The m ajo rity  of cosmic-ray muons are tagged in th e  veto. A few muons, 
however, pass through with fewer than  6 hits. If these m uons en ter the  de­
tector and travel m ore than  a few centim eters (dist  > 35 cm for our sam ple), 
they will produce m ore than  IS detector hits and get tagged as activities 
prior to the  p rim ary  electron event.
W hen we exam ined the look-back veto inform ation, we noticed events 
with 4 or 5 veto hits, clustered in space and tim e. We m easured the  tim e 
interval between these events and the subsequent prim ary  events. The tim e 
interval plot showed a characteristic muon lifetim e, superim posed on a flat 
background as seen in Fig. 7.2. Thus cosmic-ray m uons which escape tagging 
in the veto and do not en ter the detector, appear to  produce subsequent 
electron-like events w ithin the detector fiducial volume.
We hypothesize th a t such an electron-like event results from the following 
process. The m uon stops, possibly in the walls of the  tank , and decays 
to give a Michel electron. The electron then radiates a  hard photon via 
B rem sstrahlung which enters the  tank to produce the  observed electron-like 
event. This process can explain electron-like events occuring well inside the  
detector because the  m ean 7 absorption length for events in our energy range 
is about 60 cm.
7.2.1 O b jectives o f th e  Look-back A nalysis
O ur aim  for th is  analysis is to reduce the CR background but a t the sam e 
tim e minimize th e  loss in electron acceptance so as not to  reduce the size of 
our da ta  sam ple.
In the next subsection we will outline a procedure for scanning each 3 fis 
look-back interval in order to  locate activity in the  veto shield. We define
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Figure 7.2: T he tim e distribution between the  look-back activ ity  and the 
prim ary event.
the veto activ ity  to  be correlated if it produces the  subsequent prim ary  event 
within the  detecto r. A tim e interval plot between look-back veto activities 
and subsequent prim ary  events in the  detec to r is shown in Fig. 7.2. The cor­
related com ponent exhibits a 2.15 fxs exponential muon lifetime distribution. 
This is superim posed on a flat background which occurs because of those 
veto activities th a t are not correlated w ith the  subsequent prim ary events. 
We shall henceforth term  these events as “accidentals'’. Note th a t the  fitted 
fraction of these accidentals is about 25% of the  to ta l num ber of events.
The correlated com ponent represents a  source of CR background and we 
seek to elim inate this com ponent from our elastic scattering sam ple. If we
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elim inate the accidentals along w ith the correlated com ponent, we suffer a 
substantial loss in electron acceptance. Thus we have to. somehow, differen­
tia te  between the  correlated  and the accidental com ponent so as to m ostly 
target the correlated com ponent for elim ination. To accom plish th is, we will 
introduce a procedure to determ ine the ratio. L . of likelihood th a t an event is 
correlated to the likelihood th a t it is accidental. Fig. 7.3 shows the  tim e in­
terval plot, now for events w ith L > 1. The accidental com ponent is reduced 
to a fraction of a percent and is now not visible on the plot.
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Figure 7.3: The tim e d istribution  between the look-back ac tiv ity  and the 
prim ary event for the  correlated (L > 1) component.
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7.2 .2  E xtraction  o f  Inform ation from  Look-back E vents
The author of th is dissertation was responsible for developing the  follow­
ing procedure for ex tracting  inform ation from look-back events for use in all 
d a ta  analyses perform ed at LSND. T he d a ta  from b o th  the  detec tor and the 
veto is subject to th is procedure but we will only discuss the  veto inform ation 
in this dissertation.
The 3 f i s  look-back event was divided into sm aller tim e intervals, w ithin 
which we counted th e  num ber of veto hits. To determ ine th e  optim al length 
of this tim e window we looked at a  sam ple of stopping cosmic-ray muons. 
Only those muons w ith 6 or 7 veto hits were chosen so as to be sim ilar to 
our look-back sam ple with fewer than 6 veto hits. We observed th a t most 
of these 6 or 7 hits lay w ithin a 100 ns window. Hence we chose to  divide 
the 3 ys  interval in to  100 ns windows, with any two consequetive windows 
overlaping by 50 ns so as not to skip any cluster of veto hits. The 100 ns 
window with the largest num ber of veto hits was chosen for a  m ore detailed 
analysis. The num ber of veto hits (n h i t s ) w ithin th is  100 ns window and 
the cum ulative charge (Q)  generated by these hits are recorded. The tim e 
interval (A t) between this window and the subsequent p rim ary  event is noted. 
Also the mean x , y  and z positions for these hits are calculated, along with 
their spatial rms values. A measure of the spatial spread, ctr, of these events 
was obtained
&R = \ fo jc  + & Y +  °i-
In order to obtain  events which are clustered in space, we chose 07* <  2 m. 
For the sam ple of stopped cosmic-ray muons described above, we observed 
only a small loss in acceptance for the  <tr <  2 m cut.
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7 .2 .3  C onstruction  o f  th e  L ikelihood  R atio
We will em ploy four variables in th is likelihood analysis th a t show some 
discrim ination between the  correlated  and the  uncorrelated  (accidental) com­
ponents. Instead of applying individual cuts to each of these variables, we 
will construct approxim ate  likelihood functions for the  correla ted  (L cor) and 
uncorrelated (Cuncor) com ponents. T hen the  ratio, L , defined as
L  =  C*COT / ^U T L C O r
is a m easure of how m uch th e  event in question and its corresponding look- 
back activ ity  resemble a  correlated pair of events, in co n trast to  an accidental 
pairing of events. T hus, for each event, we input the  values of four variables 
and receive as o u tpu t a  single num ber. L.  which we can use to identify and 
elim inate the correlated com ponent.
For each variable, we m ust construct a  probability density  function (pdf), 
separately, for the  correlated and the  accidental com ponents. We have al­
ready discussed the  first variable. A t. We expect a characteristic  m uon life­
tim e d istribution for the correlated  pd f of A t. T he accidental pdf is, by 
definition, flat.
Any look-back activ ity  prior to laser events is clearly accidental. We will 
use the  laser sam ple to ex trac t the  accidental pdfs for each of th e  rem aining 
three variables. Let us exam ine the  variable nhits .  Fig. 7.4 shows the  p d f of 
nh i t s  for the correlated com ponent (solid line) and the  accidental com ponent 
(dashed line). T he correlated pdf is obtained indirectly. T his requires a 
bigger sam ple of events which we ob ta in  by elim inating th e  cos 0  cu t. The 
A t plot is used to  determ ine the  num ber of accidental events w ithin this
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sam ple. T hen the  accidental pd f is sub tracted  from the 
sam ple, in proportion to the calculated accidental events, 
to give the  pd f for the  correlated sam ple.
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0.4  
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°  3  33  4 *3  5  5^5 6 63  7 73  8
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Figure 7.4: T he pdf for n h i t s . the  correlated (accidental) com ponent is shown 
by the solid (dashed) line.
The correlated pdf shows a peak at 5 veto hits, indicating th a t we are 
picking up. as correlated events, muons which ju s t miss the trigger threshold 
of six veto hits. We also see some events with 6 or more veto hits. This is 
because, for th e  likelihood analysis, we use all the veto hits in the 100 ns 
window whereas the  trigger accepts only those hits which satisfy the elec­
tronic fine-tim e requirem ent. Also notice in Fig. 7.4 the clear separation 
between the  correlated  and the  accidental com ponents which indicates the 
the variable n h i t s  is suitable for the  likelihood analysis.
pdf of this entire 
and renormalized
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Figure 7.5: The pdf for veto charge per hit tube, the correlated (accidental) 
com ponent is shown by the solid (dashed) line.
The third variable used is veto charge per hit tube (Q /n h i t s ) .  Fig. 7.5 
shows tha t the veto charge per hit tube for the accidental component (dashed 
line) is much sm aller than  that for the correlated component (solid line). This 
is because part of the accidental com ponent is comprised of a collection of 
random hits due to noise in the veto shield which do not produce as m any 
photoelectrons as a  real charged particle passing through the veto. Events 
due to neutron interactions or radioactivity  would also have, on average, a 
sm aller value of veto charge per hit tube . The final variable used is the  
approxim ate track length, in the tank , of the  photon which we presum e 
enters the detector and ultim ately produces an electron-like event. We use 
the position of the cosmic-ray muon in the  veto, obtained from the  Iook-
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back inform ation, and th e  position of the  prim ary event within the  tan k  to  
calculate track length, as shown in Fig. 7.6. The pdf of track length for th e  
correlated com ponent (solid line) and  for the  accidental com ponent (dashed 
line) are shown in Fig. 7.7. T he spread in the  accidental pdf d is tribu tion  
reflects the  fact th a t for a  prim ary event, the  corresponding accidental look- 
back activ ity  in the  veto is random ly located.
T he pdfs of all four variables were combined into a likelihood function for 
the  correlated and the uncorrelated  com ponents. As m entioned earlier, if a 
prim ary satisfies the conditions to have a  look-back, there are two intervals 
(0-.'3 and 3-6^s) for which we read out look-back data . Inform ation from  
each interval is processed independently  and we calculate a likelihood ra tio  
for both  these intervals. T he larger o f the  two likelihood ratios, which we will 
henceforth refer to as L. is the ra tio  th a t is finally associated to the  p rim ary  
event. The Log(£) d istribu tion  for a  sam ple of accidental (correlated) events 
is shown by the solid (dashed) line in Fig. 7.8. Observe the clear separation  
we achieve between the two sam ples for this distribution.
We studied the correlated events ( L >  1) to understand their origin and  
verify our earlier hypothesis th a t they  are associated w ith radiative photons. 
In Fig. 7.9. we plot the  detec to r hit d istribu tion , tank  h i t s . for prim ary events 
from the prelim inary sam ple, requiring L > 1. The solid curve shows the  300 
PM T hit cut which the prim ary event m ust satisfy in order to have a look- 
back. This plot also shows the rap id  energy drop-off one would expect for 
B rem sstrahlung photons. These photons arise from Michel electrons whose 
hit d istribution  is shown by th e  dashed line for comparison.
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Figure 7.6: The calcu lation  of track length for the gam m a.
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Figure 7.7: The pdf for track  length, the  correlated (accidental) com ponent 
is shown by the solid (dashed) line.
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Figure 7.8: The log likelihood ratio (Log(L)), shown for the correlated com­
ponent (dashed line) and the accidental com ponent (solid line).
We can see more clearly tha t for the  correlated component the  prim ary 
event is a result of a radiative photon by plotting its dist  d istribution . For 
display purposes, the dist  d istribution is weighted in such a way th a t a  uni­
form distribution of events within the de tec to r volume would show a flat dist  
d istribution. Fig. 7.10 shows that the dis t  d istribution for events w ith L > 1 
decreases exponentially with a decay length of 55 cm, consistent w ith the 
expected d istribution for absorption of gam m as in mineral oil.
Thus the look-back analysis has identified a source of CR background 
a ttrib u tab le  to  cosmic-ray muons which pass undetected  by producing fewer 
than six veto hits and subsequently produce electron-like events w ithin the
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Figure 7.9: The tank hit d istribution for the correlated (L > 1) component 
(solid line). The distribution for Michel electrons (dashed line) is shown for 
comparison.
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Figure 7.10: The weighted dist  d istribution for the correla ted  (L > 1) com­
ponent. A fit to this d istribution  (solid line) exhibits an  exponential decay 
length of 55 cm.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
112
tank . To reduce th is background, we elim inate all events with L >  1.51 for 
the  present analysis.
The beam -off com ponent of our prelim inary event sam ple has a large 
proportion of events a t the  front end (low z) of the  detector, as seen in 
Fig. 7.11. Fig. 7.12 shows a  sca tte r plot of events e lim inated  by the  likelihood 
analysis, where the  Y (Z) axis of the detec to r is p lo tted  along the  vertical 
(horizontal) axis of the  figure and the location of each event is indicated by 
a  diam ond. We observe th a t the  elim inated events are also grouped a t low 
z.
We chose the  L > 1.5 cut after studying  the effects of varying th is cut. 
For the  1995 da ta . Table 7.1 shows the fraction of beam -off events elim inated  
as a result of different cuts in L. Also shown are the  corresponding losses in 
electron acceptance due to the  L cut. For exam ple, the  L > 1.5 cut results in 
the  elim ination of 39% of the  beam-off events if we consider only those events 
which have a look-back. B ut. as we have m entioned earlier, not all prim ary  
events have look-backs. Thus for the to ta l beam -off sam ple we elim inate 
22% of the beam -off da ta . This cut results in only a 1.3% loss in electron 
acceptance. This loss was calculated using a laser sam ple because for laser 
events we do not expect any correlated activ ities in the  veto, sim ilar to  real 
neutrino-electron elastic scattering  events.
Observing the  second colum n in Table 7.1, we note th a t the likelihood 
analysis a ttr ib u te s  a  significant fraction of beam -off events to the cosm ic-ray 
muon source we are discussing. In addition, there  exists some inefficiency
1 We assign L =  0 to all primary events that have no look-back activity.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
113
Figure 7.
Figure 7.1 
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Table 7.1: Effects of Cuts in Likelihood Ratio L.
Likelihood 
Ratio Cut
% Elim inated 
(w ith look-back)
% Elim inated 
(all prim aries)
% Loss in Electron 
Acceptance
L >  0.5 44 25 2.7
L >  1.0 40 23 1.7
L > 1.5 39 22 1.3
L >  3.0 34 19 0.8
L > 5.0 30 17 0.5
within the  likelihood analysis in identifying these muons. Thus we esti­
m ate th a t for our prelim inary sample (before any L cu t), a t least half of 
the beam -off events are due to this source. In the  next section we will deal 
with neutrons produced via cosmic-ray interactions. We estim ate  th a t they 
contribute abou t 30% of the  beam-off background. T hus we understand the  
source of a t least 80% of the cosmic-rav background2 for our prelim inary 
sample.
It should be noted th a t we did not have look-back events for the 1994 
data. A ccounting for this, we recalculate, for the L >  1.5 cut, the  fraction of 
the to ta l beam -off events elim inated and the electron acceptance using the 
entire d a ta  sam ple. We obtain an electron acceptance of 0.991 ±  0.002 and a 
14% reduction in beam-off background.
7.3 Likelihood Analysis to Eliminate N eutrons
We have m entioned in Chapter 6, Section 6.4 th a t we have a source of 
CR background a ttrib u tab le  to neutrons. These neutrons in teract within the 
detector and produce prim ary events, a small fraction of which satisfy the
2The beam-off background is totally attributed to cosmic-ray interactions.
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Xtot < 0.85 cut to yield electron-like events th a t are contained w ithin our 
d a ta  sam ple. O ur goal, in th is section, is to reduce th e  background due to 
such events.
A gam m a window is a 1 ms interval subsequent to  each prim ary event, for 
which we lower the  trigger threshold to 21 detector PM T  hits. This window 
was designed to record gam m a events tha t are produced by neutrons via 
the following process. A neutron therm alizes w ithin th e  detector and may 
undergo the  cap tu re  reaction
n +  p  -)• d  +  7 .
yielding a  2.2 MeV gam m a. The neutron has a m ean cap tu re  tim e of 186 p.s 
in m ineral oil. independent of its initial energy.
Thus the  detection of a correlated gam m a w ith in  the  gam m a window 
signals the  presence of a neutron. We will develop a  likelihood analysis 
which is designed to separate  neutron induced events from events w ithout a 
neutron. This analysis builds on a likelihood analysis developed for the DAR 
oscillation search [40].
7.3.1 L ikelihood  A nalysis for th e D A R  O scilla tion  Search
At LSND. we conduct a DAR neutrino oscillation search in the —¥ ue
channel. We de tec t positrons produced via the reaction
+  p e + +  n.
The recoil neu tron  has a  m uch lower energy (0-5.2 M eV) th an  the  positron 
and does not generally contribute  to  the prim ary even t. B ut it therm alizes 
and may undergo the  capture  reaction
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n +  p  d +  7 .
yielding a 2.2 MeV gamma. Thus the  detection of a  correlated gam m a in 
delayed coincidence with the positron is a signal for the  DAR oscillation 
process.
For those prim ary  events which have one or more gam m as recorded w ithin 
the ir gam m a window, we must exam ine each gam m a and  determ ine th e  like­
lihood th a t it is produced as a result of th e  prim ary event (correlated) or it 
is due to  som e accidental occurance w ithin the detector (uncorrelated). We 
use three variables for this purpose: (a) th e  tim e d istribution  of the gam m a 
from the  prim ary  event, (b) the num ber of hit PM Ts for the gam m a, and  (c) 
the d istance of the  gam m a from the p rim ary  event. The distribution o f these 
variables, for bo th  the correlated com ponent (solid line) and the accidental 
com ponent (dashed line), is shown in Fig. 7.13. The accidental d istribu tions 
are ob tained  using a sample of laser events since we do not expect any cor­
related gam m as for this sample. T he correlated distributions are ex trac ted  
from a sam ple of cosmic-ray neutrons, as explained in Ref. [40].
T he exponential tim e distribution of the  gam m a from the prim ary event 
for the  correlated component shows th e  correct neutron capture lifetim e while 
the  corresponding accidental com ponent is flat as expected. We a ttr ib u te  the  
accidental gam m as to  radioactivity w ithin the detector and observe th a t, on 
average, they produce fewer PM T h its than  the correlated gam m as. Also 
notice th a t the  correlated gammas are, on average, located closer to  the  
p rim ary event than  the accidental gam m as as one would expect.
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Figure 7.13: D istributions for correlated (solid) and uncorrelated (dashed) 
gam m as for the  variables: (a) the tim e betw een the  p rim ary  and the 7 , (b) 
the num ber of PM T hits for the 7 , and, (c) th e  distance between the  prim ary 
and the  7.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
118
Using these three variables, approxim ate likelihood funtions were created  
for the  correlated (Ccorr) and the uncorrelated (Cuncorr) com ponents. As 
before, a likelihood ratio . R . was defined as
R  — Crcorr /C  uncorr •
If there was no gam m a within 1 ms and 2.5 m from a prim ary event, we 
assigned a value of R  =  0 to the prim ary event. If for a prim ary event we 
detected two or more gam m as, we calculated the R  value for each of the  
gam m as and assigned the largest R  value to the prim ary event.
The R  analysis was used to efficiently separate events with correlated 
gam m as from events with accidental gam m as. The R > 30 cut for our 
DAR oscillation analysis [40] identified events with correlated gam m as while 
elim inating a large fraction (99.4%) of events with accidental gammas.
7 .3 .2  A d d it io n  to  th e  R  A n a ly s is
We are interested in separating ou t and excluding neutron induced events 
from our sam ple of neutrino-electron elastic scattering  events. To accomplish 
this we will adopt the  oscillation search R  analysis. However, in our case 
the R  analysis serves to identify and elim inate those prim ary events which 
produce correlated gam m as while reducing the elim ination of events w ith ac­
cidental gam m as. This reduction is essential for lowering the loss in electron 
acceptance for this cut.
In addition to the  gam m a inform ation used in the R  analysis, we will 
also utilize inform ation from the prim ary event for our analysis. We seek to  
elim inate prim ary events tha t axe neutron induced and, as we have seen in 
C hapter 5. Section 5.3.5 the particle identification param eter, Xtot, provides
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discrim ination between electrons and  neutrons. Thus we add \ tot to  the  th ree  
variables used in the R analysis.
The \ (ot probability density function (pdf) for the neutron (non-neutron) 
com ponent is shown by the solid (dashed) line in Fig. 7.14. For our d a ta  sam ­
ple. the non-neutron component is dom inated by electrons from th e  neutrino- 
electron elastic scattering process. VVe obtain  th e  \ tot pdf for this com ponent 
using a  sam ple of weighted Michel electrons. T he weights in energy were ad­
ju sted  so th a t the  energy spectrum  of this sam ple m atched the corresponding 
spectrum  for elastic scattering events. The \ tot p d f for the neu tron  compo­
nent was obtained using a cosm ic-ray neutron sam ple. We used the  tim e 
interval plot between the prim ary and  the gam m a to calculate th e  num ber 
of non-neutron events within this sam ple. Next we determ ined th e  \ tot dis­
tribu tion  for the neutron sam ple and  sub tracted  th e  non-neutron \ tot pd f in 
proportion to the num ber of non-neutron events to  obtain a d is tribu tion  for 
pure neutrons.
We define a new likelihood ratio ,
A  —  C 'n e u t  /  ^ - n o n —n e u t  •
where Cneut {Cnon- neut) is the approxim ate  likelihood function for th e  neutron 
induced (non-neutron) com ponent.
The N  value for prim aries w ith m ultiple gam m as was calculated in the  
sam e fashion as their R  values. Also a  prim ary event was assigned iV =  0 if 
there were no gam m as within 1 ms and 2.5 m from it. For p rim ary  events 
w ith one or more identified gam m as, the  solid (dashed) line in Fig. 7.15 shows 
the  Log(.V) d istribution for the neutron  (non-neutron) com ponent.
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Figure 7.14: T he \tot pdf, the neutron (non-neutron) component is shown 
by the solid (dashed) line.
A fter studying the effect of various iV cuts, we chose to elim inate events 
w ith .V >  1.5 in the present analysis. The prelim inary sample of events 
obtained  by applying all the cuts described in the  previous chapter and prior 
to  any cut described in this chapter was used as the starting  sam ple for 
th is study. Lim iting ourselves to a sm aller, m ore convenient subset of 1995 
d a ta  for now. we list, in Table 7.2. the fraction of beam-off events which are 
elim inated  by each cut in N.  We also list the  loss in electron acceptance for 
any beam -induced neutrino process due to  each cut. These values of losses 
in electron acceptance were calculated using a laser sample.
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Figure 7.15: The Log(.V) d istribu tion , shown in solid (dashed) for the  neu­
tron  (non-neutron) com ponent.
Using data  from all years, we elim inate 15% of the beam-off events w ith 
the N  >  1.5 cut. The percent loss in electron acceptance for this entire  d a ta  
sam ple is calculated to be 2.0 ±  0.2.
7.4 C om bination o f the L ikelihood  C uts
Applying both the L >  1.5 and N  > 1 .5  cuts, we obtain  a  28% reduction 
in the CR background of our prelim inary sam ple. The reduction due to each 
cut applied separately and then in com bination is listed in Table 7.3.
T he electron acceptance for the uee~ —> uee~ process due to the  L >  1.5 
cut and the .V > 1.5 cut is shown in Table 7.4. The final electron acceptance 
for this process, obtained by com bining all cuts in the previous chapter with
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Table 7.2: Effects of C uts in Likelihood R atio iV.
Likelihood 
Ratio Cut
% E lim inated 
(beam -off events)
% Loss in Electron 
A cceptance
N  >  0.5 21 3.9
■V > 1.0 19 2.5
N  > 1.5 17 1.8
.V > 3.0 14 1.0
.V > 7.0 12 0.3
Table 7.3: Com bining the  L and N  Cuts.
Likelihood % E lim inated % Loss in E lectron
Ratio Cut (beam -off events) Acceptance
L > 1.5 14 0.9
N  > 1.5 15 2.0
Combined 28 2.9
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Table 7.4: Final A cceptance for the  uee —» uee Process.
C ut Acceptance
All cuts listed in C hap. 6 
Elim inate events w ith  L >  1.5 
Elim inate events w ith  .V > 1 .5
0.124 ± 0 .010  
0.991 ±  0.002 
0.980 ±  0.002
Final A cceptance 0.120 ± 0.010
Table 7.5: Final A cceptances for u Induced Backgrounds.
Process Final Acceptance
i/Me-
i/^e-  
12C(r/e. e~ ) l2Ng.s. 
l2C(ue. e ~ )l2.V“ 
l3C (ve. e ~ ) X
0.102 ± 0 .0 0 8  
0.113 ± 0 .0 0 9  
0.0071 ±  0.0006 
0.0063 ±  0.0004 
0.0220 ±  0.0020
the  two likelihood cuts discussed in th is chapter, is calculated as 0 .120± 0.010. 
T he corresponding final acceptances for various neutrino induced processes 
which are backgrounds to the  uee~ —»• uee~ process are listed in Table 7.5.
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RESU LTS
In th is chapter vve determ ine the  uee~ —*■ uee~ cross section using our sam ­
ple of beam-excess events, ob tained  by applying all the  cuts discussed in the 
previous two chapters and th en  subtracting  the beam-off cosmic-ray back­
ground from the beam-on events. This beam-excess d a ta  contains uee~ elastic 
scattering  events plus background due to other neutrino induced events.
F irst, we present our calculation of the neutrino induced background. 
N ext, we com pare various d istribu tions of beam-excess da ta  w ith  expecta­
tions. T hen we obtain the neutrino flux and num ber of target electrons. 
Finally, we present the results of our analysis: we calculate the  cross section 
for the uee~ elastic scattering  reaction and determ ine the interference term , 
I.  This te rm  arises because the  reaction can proceed through both  charged 
current and neutral current interactions.
8.1 N eu tr in o  Induced B ackground
In this section, we list all sources of neutrino induced background for our 
analysis and calculate the  expected num ber of events from each source. We 
have already discussed most of the  sources of neutrino induced background 
in C hap ter 6. Below we provide additional descriptions for three sources of 
this background.
124
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8.1.1 T h e  15.1 M eV  G am m a Source
The 15.1 MeV gam m as are produced due to neutral current interactions 
of neutrinos on carbon.
v  -F12 C  —► v'  + 12 C*.
The l2C~ nucleus de-excites via the  emission of a 15.1 M eV gam m a.
Electrom agnetic interactions of the  gam m as within th e  detector can pro­
duce electron-like events. We have an energy cut of E  >  18 MeV but due 
to finite detector resolution effects we expect a  small background of 8 ±  3 
electron-like events due to this source.
8.1.2 Source due to  D IF
As discussed in C hapter 2. we have a flux of decay-in-flight (DIF) 
which is an  order of m agnitude sm aller than  the decay-at-rest (DAR) flux. 
We expect a small contribution of 4 ±  2 events from DIF u„ which undergo 
the elastic scattering reaction.
uu +  e~ -* +  e~.
8.1 .3  Source due to  D A R  O scillations
A DAR —> ue oscillation would produce £>e that in te ract in our detector
via the reaction,
i>e +  p ->• n +  e+ .
The positrons would then be a source of background for our uee~ elastic 
scattering sample.
At LSND we perform a DAR oscillation search [40] an d  obtain an excess 
of events consistent with neutrino oscillations. If we a ttr ib u te  this excess to
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neutrino oscillations, we determ ine  an oscillation probability of (0.3 ±  0.1)% . 
Using this probability, we calcu late  a background of 16 events due to  this 
source. However, the  iV >  1.5 cu t elim inates 47% of these events because 
DAR oscillation events produce correlated  gam m as. Accounting for th is , we 
expect a background of 8 ±  3 events due to  the  DAR oscillation source.
Even if we did not a ttr ib u te  th is background to  neutrino oscillations, we 
would still have a background due to  an unknown, non-conventional source 
of ue. Fortunately this background is sm all and if we were to ignore it and  
calculate the cross section for the  uee~ elastic scattering process, we would 
ob tain  a value only 6% higher th an  our final cross section.
8 .1 .4  C alculation  o f B ackground
T he numerical contributions, in term s of num ber of events, for all source 
of the  neutrino induced background were calculated  using the m easured cross 
sections listed in Table 8.1. We list these  sources of background toge ther w ith 
the ir respective contributions in Table 8.2. Along with the num ber of events 
due to  each source, we sta te  a corresponding system atic error. This erro r was 
generally obtained from the to ta l e rror in the  cross section m easurem ent, as 
listed in Table 8.1. However, for som e cases where the cross sections were 
also measured a t LSND. we accounted for correlations in errors so as not to 
count them  twice. For exam ple, we om it here the  error in the  neu trino  flux 
for the  u\2C  interactions because we will include this sam e error la te r for our 
m easurem ent.
We calculate a background of 95 events due to  all neutrino induced sources 
o ther than the  uee~ elastic sca tte ring  process. For this background we cal-
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Table 8.1: M easured Cross Sections for the  Background Processes.
Process Experim ent Cross section (cm 2)
i^ e -  ->•
l2C{ue, e~)l2Ng,s_ 
l2C{ue.e ~ ) l2X * 
l3C {ve. e ~ ) X  
15.1 MeV gam m a 
DAR oscillations
CHARM  [36] 
U S-JAPAN [37] 
LSND [48] 
LSND [48] 
KARM EN [52] 
KARM EN [53] 
LSND [40]
(1.9 ± 0 .2 8 ) x £„(M eV ) x lO" 45 
(1.25 ± 0 .1 9 ) x £„(M eV ) x 10"45 
(9.1 ± 0 .4  ± 0 .9 )  x 10“42 
(5.7 ± 0 .6  ± 0 .6 )  x  10~42 
(0.5 ± 0 .3  ± 0 .1 )  x 10~40 
(10.9 ± 0 .7  ± 0 .8 )  x 10" 42 
(0.3 ±  0.1)% osc. probability
Table 8.2: Background from u Induced Events.
Process C ontribution  to background
u^e~ u^e~ 17 ±  2
i>ue~ —> u^e~ 16 ±  2
l2C ( V ' . e ~ y 2Ng.s. 24 ±  2
l2C(ue. e ~ ) l2N - 13 ±  1
l3C(ue. e ~ ) X 5 ±  3
15.1 MeV gam m a 8 ±  3
DIF uue~ —¥ ulie~ 4 ±  2
DAR oscillations 8 ±  3
Total 95 ±  10(stat) ±  7(syst)
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Table 8.3: Events due to the  uee —> uee Process.
Source N um ber of Events
Beam-on 
Cosmic-ray Subtraction  
Beam-excess 
v  Induced Background 
uee~ uee~
372 ±  19 
144 ± 4  
228 ±  19 
95 ±  10 
133 ±  22
culate  a  statistical error of \/95  («s 10) events and a system atic erro r o f 7 
events, obtained by sum m ing in q u ad ra tu re  the  system atic errors due to  each 
source.
8.2  B eam -excess Sam ple
We apply all the  cuts listed in C hapters 6 and 7 to obtain our sam ple of 
t/ee~ elastic scattering events. We then  perform  the beam-on minus beam -off 
sub traction  as described in C h ap ter 6, Section 6.4 to obtain the beam -excess 
sam ple. This subtraction procedure, barring any statistical fluctuations, re­
moves all cosmic-ray induced events from our final sample of beam -excess 
events. For our analysis, we have a  beam-excess sample of 228 events w ith 
an uncertain ty  of 19 events due to  s ta tis tica l error. VVe a ttrib u te  these events 
to  e ither uee~ elastic scattering events or the  u induced background. In Ta­
ble S.3. we calculate the num ber o f events due to the uee~ elastic sca tte ring  
process (133 ± 2 2 ) by subtracting th e  calculated u  induced background from 
the  sam ple of beam-excess events.
Each error listed in Table S.3 is solely due to  the statistical uncerta in ty  
associated with its value. VVe ob ta in  a final statistical error of 16% for the  
uee~ elastic scattering events.
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Let us plot the  variable cos 0  for the  sam ple of beam-excess events. Recall 
th a t 0  is the angle between the  electron direction and the  direction of the 
incident neutrinos and th a t we require cos 0  >  0.9 for our final sam ple. If we 
remove the  cos 0  >  0.9 cut from our selection criteria  and  then plot the  cos 0  
d is tribu tion  for the beam-excess events of this sam ple (Fig. 8 .1), we notice a 
clear accum ulation of elastic scattering  events in the  last (0.9 <  cos 0  <  1) 
bin. For com parison, we also plot the  expected cos 0  d istribu tion , shown by 
the shaded region.
250
225
200
*25 r
•oo
5C
0.80 6
CosO
Figure 8.1: T he cos 0  d istribution for beam-excess events, obtained when we 
elim inate  the cos 0  >  0.9 cut.
VVe now reapply the  cos 0  >  0.9 cut and concentrate on the  0.9 <  cos 0  < 
1 region. T he cos 0  d istribution for the beam-excess events is shown in 
Fig. 9.1. T he expected cos© distribution is also shown by the  shaded re­
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gion. This d istribution includes th e  uee~ elastic scattering , calculated using 
th e  s tandard  model of electrow eak in teractions, and the  contribution  from 
th e  neutrino  induced background. T he theoretical cos 0  d is tribu tion  from  
each individual source is calculated  and  input into th e  detecto r M onte Carlo 
sim ulation program . The ouput o f th is program  is sum m ed for each source, 
in proportion to  its contribution, to  get the  final expected cos 0  d is tribu tion . 
This expected distribution now m irrors th a t from real d a ta  and should  be 
d irectly  com pared to the d is tribu tion  o f beam-excess events. We ob ta in  good 
agreem ent between the observed and  the  expected distributions.
1.9
CosO
Figure S.2: The c o s0  d is tribu tion  for beam-excess events. The expected  
d istribu tion  is shown by the shaded region.
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Fig. 8.3 shows the energy d istribu tion  for the  beam-excess events. The 
shaded plot again shows the expected energy d istribution  for comparison. It 
is ob ta ined  as before but here we do not include the  contribution from the 
DAR oscillation source. This is because th e  energy distribution due to this 
source depends on an oscillation param eter which is not yet known. Notice 
th a t the energy distribution of beam-excess d a ta  compares well with the 
expected  distribution.
30 )-
r
25 h
20
•0 t-
1
r
[
*5 50
E nergy  (MeV)
Figure 8.3: T he energy d istribution for beam -excess events. The expected 
d istribu tion  is shown by the shaded region.
N ext, we show th a t the d istribution of the  beam-excess events within 
the  detec to r agrees well with expectations. Fig. 8.4 shows the x, y  and z 
d istribu tions and Fig. 8.5 shows the dist  d istribu tion  for the sample of beam-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 3 2
excess events. For these plots as well as Fig. 8.6, the expected d istributions, 
shown as shaded regions, are calculated for the uee~ —>• i/ee~ process and 
norm alized to the total num ber of beam-excess events.
cn - | ;
C 30 r  ____
Q  r .  i 1 i  1 I .  I n  .  .  I .  . ■ .  I . ■ t  > 1 I I  i  i  1 t  .  I > I  . .  » » » ! * »  m U J
-2 0 0  -1 5 0  -1 0 0  - 5 0  0 50 100 150 200
x(cm)
- 1 0 0 -5 0 50 100 150 200
y(cm)
</>
c  30
CD
>I ■ l _ * 
20
TO
0
Figure 8.4: The x, y and c d istribu tions for beam-excess events. T he ex­
pected distributions are also shown as shaded.
Finally, a plot of the particle identification param eter, \ tot, is shown in 
Fig. 8.6. As before, the beam-excess d a ta  is shown using solid error bars. 
Two d a ta  points, normally excluded from our analysis by the \ tot <  0.85 
cut. are also shown for comparison using dashed error bars. For this plot, we 
notice a  fair agreement between the  observed and the expected distributions.
i •
4=
i . .1
-300 -200 - 1 0 0 100 200 300
z(cm)
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Figure 8.5: The dist  d is tribu tion  for beam-excess events.
ac f-
0 2 0 60
Xm
Figure 8.6: The \ tot d istribu tion  for beam-excess events.
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8 .3  F lu x  C alculations
For the  1994 and 1995 target set-up, a de tailed  beam  M onte C arlo sim u­
lation program  was used to calculate the  neutrino  flux a t the LSND detec to r 
as described in C hapter 2. Section 2.4. However, after 1995 th e  A1 and A2 
targets were removed and the m ain A6 target was replaced by a  new tungsten  
target for the rem ainder of the  data. One has to  m odify the  beam  sim ulation 
program  by replacing the old target inform ation w ith the  geom etry and con­
stitu en t m aterial information of the new targe t in order to  ob ta in  the  correct 
neutrino  flux for the  1996 and 1997 data. U nfortunately, this process had not 
been com pleted by the tim e this d issertation was prepared. T he au tho r had 
to ob tain  the flux for the 1996 and 1997 d a ta  using the num ber of nitrogen 
ground-state  events observed in the different years of d a ta  collection.
For nitrogen ground-state events, we first de tec t an electron due to the  
reaction.
ve + l2C  - * 12A-^. +  er .
Subsequently, we detect a positron when 12Ng,s. beta-decays via the  reaction.
l% .s .  ~+l2C + ve + e+.
The e~e+ coincidence requirem ent allows us to ob tain  a clean sam ple of 
g round-state  events and the relatively large cross section of this reaction 
allows us to determ ine the flux with adequate sta tistica l precision.
T he author performed an independent analysis to ob tain  beam -excess 
ground-state  events for each year of d a ta  collection. T he results of th is 
analysis are displayed in Table 8.4. The th ird  colum n of this tab le  lists the
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Table 8.4: Nitrogen Ground-state Events.
Year Beam-excess
Events
Events after 
A cceptance Corrections
1994 223 870
1995 285 943
1996 85 332
1997 197 715
Table 8.5: Flux C alculation.
Years Flux {ve/ c m 2)
1994+1995
1996+1997
(6.47 ±  0.45) x 1013 
(3.74 ±  0.38) x 1013
All years (1 0 .2 1 + 0 .7 7 ) x 1013
calculated num ber of ground state  events obtained after we correct for the  
detector acceptance. For example, for the  1994 d a ta  we have 223 beam - 
excess events and a to ta l acceptance of 0.256 due to all the cuts used in this 
analysis. YVe obtain  870 (=  223/0.256) events after accounting for the loss 
due to acceptance for the 1994 data.
The flux for 1996 and 1997 data  is proportional to the num ber of ground- 
sta te  events obtained for th a t period:
(1996+1997 F lu x )  =  (1994+1995 F lu x ) ,
where we use the calculated flux for 1994 and 1995, obtained from the beam  
sim ulation program . The to tal flux for our d a ta  sam ple is sum m arized in 
Table 8.5.
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As discussed in C hapter 2. Section 2.4 we assign a  system atic  erro r of 7% 
to all flux calculations obtained using the  beam -sim ulation program . This 
7% error is common to fluxes of all years. In  addition, for th e  1996 +  1997 
flux we have a 7.4% error due to statistical fluctuations in th e  num bers of 
ground-state events for the  different years. Thus we have a to ta l e rror of 
10.2% assigned to th a t portion of the flux. Finally, we obtain  a  to ta l flux of 
(10.2 ±  0.8) x 1013cm -2 reflecting a to ta l sy stem atic  error of 7.5%.
8 .4  T a rg e t  C a lc u la tio n
The LSND detector is filled with m ineral oil which serves as a  ta rget 
for neutrino interactions. Chemically, m ineral oil is composed of linear chain 
hydrocarbon molecules (CnH 2n+2 ) where n varies from 22 to 26. We m easured 
a ratio  of H /C  =  2.05 [47]. T he num ber of im purity  particles like nitrogen 
and oxygen were negligible: N /C  ~  3 x 10-6 and O /C  ~  1.5 x 10-6 .
The mineral oil was kept a t a constant tem p era tu re  of ~  15° by a heat 
tranfer unit. Its density was m easured to b e  0.85 g /cm 2. Table 8.6 shows 
the  composition of target particles w ithin th e  detector and the  num ber of 
particles contained w ithin the fiducial volum e (dist >  35 cm ) for each of 
these targets. For our present analysis of uee~ elastic scattering, the  electrons 
serve as the targets particles.
8 .5  C a lc u la tio n  o f  th e  C ro ss  S e c tio n
We calculate the cross section for the  vee~  —► uee~ reaction using the 
num ber of events (133) obtained for this process, the  final acceptance (0.120) 
calculated for this process, the flux (10.2 x 1013cm -2 ) and th e  num ber of 
target electrons (29.7 x 103°).
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Table 8.6: Target C om position.
Particle N um ber w ithin Fiducial Volume / lO30
l2C (3.65 ±  0.04)
l3C (0.041 ± 0 .0 0 1 )
H (7.56 ± 0 .0 8 )
e~ (29.7 ±  0.3)
Table 8.7: Sources of S ystem atic  E rror.
Source of 
System atic Error
C on tribu tion  tow ards 
uncerta in ty  in cross setion
A cceptance C alculation 7.9%
Flux C alculation 7.5%
S ubtrac tion  of i/ Induced Background 4.9%
Target Calculation 1.0%
Total System atic Error 12%
133 \  /  1 \  /  1 \  ■
0 .120/ \  10.2 x 1013/  V29.7 x 1030/
=  3.67 x 10-43cm2
We have already m entioned th a t vve calculate a 
cross section m easurem ent due to statistical errors, 
system atic errors for this m easurem ent.
In Table 8.7 we list the  dom inant sources o f system atic  e rro r in the cross 
section m easurem ent along w ith their contributions. We express each error 
as a percentage of the  m easured cross section. A dding up th e  errors from 
individual sources in quadra tu re  we obtain a final 12% uncertain ty  in the 
cross section m easurem ent due to all system atic  effects.
16% uncerta in ty  in the 
Let us now discuss the
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W riting the  cross section so as to  explicitly indicate its linear dependence 
on the  neutrino energy and using the  average energy of the  i/e beam  at LSND 
(31.7 M eV), we obtain
= 3 '67 X ( ^ T M w ) X 10' 13cm2-
Including all s ta tistica l and system atic errors, we obtain  a final cross section 
of
(Ti/ee— =  [11.6 ±  1.9(.sfaf.) ±  1.4(sys£.)] x /^ (M e V )  x 10~45cm2
for the process uee~ —> i/ee~.
We can com pare our cross section to the cross section
a u^e- =  [9-9 ±  1-5(s ta t.)  ±  1.0(sysf.)] x ^ ( M e V )  x 10-45cm2
m easured by experim ent E225 [39] for the sam e process. E xperim ent E225 
was also conducted a t the LAM PF facility of Los Alamos N ational Labora­
tory and utilized a DAR ue beam  of similar origin as LSND.
We can also com pare our cross section to the theoretical value of
0 - 2 -  =  9-5 x £„e(MeV) x 10"45cm 2.
calculated using the  standard  model (SM) of electroweak interactions. Al­
though we make this com parison with the standard  model, we prefer to check 
the standard  model using our m easured value of the interference term  which 
we calculate in the  next section.
Before th e  s ta r t of the  1996 run, targets A1 and A2 were rem oved and the 
A6 target was replaced by a new tungsten target. We calcu lated  the cross
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sections separately for the  two different beam dum p configurations, before 
(94 — 95) and after (96 — 97) the change:
^ 9 4 -95) =  j1L3 ±  2 0(s ta t_) ±  L3(syst.)] x E„e(MeV) x 10_45cm2
=  [12.0 ±  3.0(s ta t.)  ±  1.7(sy.sf.)] x E„e(MeV) x 10-4ocm2
These cross sections are very close in value to the cross section calculated 
using all the data.
8.6 Calculation of th e  Interference Term
The reaction
ue +  e —>• ue +  e
can proceed through both  charged current interactions and neu tra l current 
interactions. The s tan d a rd  model predicts a destructive interference effect 
between these two channels. In C hapter 1, Section 1.3.4 we defined a dimen- 
sionless interference te rm . I . which indicates the strength  of this interference 
effect. Here, we present the  calculation of / .
Let .Vu*e be the  num ber of observed uee~ elastic scattering  events and 
N c c  ( N * c ) be the num ber of events one would expect had th e  reaction 
proceeded through only the  charged current (neutral current) interaction. 
Denoting M1 as the  num ber of events due to the interference effect and 
recalling the definition of a 1 in C hapter 1. Section 1.3.4, we have
_  C C  , /  , .VC(T  =  <J +  <7 +  <7
which implies
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Table 8.8: The CC and NC A cceptances.
ecc 0.121
e.vc 0.110
e^e- 0.120
\ v'-e =  oT{tcc& CC +  +  £.vco"WC)
_  y C C  _|_ ,y /  _j_ y f ‘W C
where we have used <p to  denote the  ue flux, T  to  denote the  num ber of target 
electrons and t c c  (eNc)  to  denote the  acceptance had th e  reaction proceeded 
through only the  charged current (neutral curren t) in teraction.
We use the  de tec to r M onte Carlo sim ulation program  to  calculate these 
acceptance values. They are listed in Table 8.8 along w ith e„ee- ,  the  accep­
tance for the  uee~ elastic scattering  process, e.vc is sm aller than  t c c  because 
the recoil energy spectrum  for electrons produced via th e  neu tra l current in­
teraction is softer th an  th a t for electrons produced via the  charged current 
interaction. We verify the value of e.vc in a self-consistent way using the 
above expression o f .
Thus we have
N l = N'/' e~ — N c c  — .ViVc.
Below, we calculate  the  various N  values and tab u la te  them  (Table 8.9).
_ycc _  'tc c a c c  =  0 T e Cc(4 a Q)
where, as before,
(To =  — E u..
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Table 8.9: The ;V Values.
N u'*~ 133
N c c 201
V-'vc 20
X 1 -88
<rvc  is sam e as the  cross section for the  reaction,
^  +  e ' - H / „  +  e~.
Using the  value of this cross section in Table 8.1, we ob tain
crvc =  0.442(7o
and
.V‘vc  =  o T  £.vccr‘VC =  o T  e-vc(0.442cro).
From Table 8.9 we obtain
N l = -8 8  ±  22{stat.) ±  11 (syst.) ,
where we have used the same 12% system atic uncertain ty  as in the cross 
section m easurem ent. The interferance coefficient, / .  is defined as
I  =
2 (To 26T  tcc&o
Thus we ob ta in  a value of
I =  -0 .8 8  ±  0.22(sfof.) ±  0.11(sj/sf.).
We observe th a t the measured interference term  is unambiguously de­
structive. m ore th an  3.5 standard-deviations from  zero. It is w ithin 1 standard- 
deviation from  th e  value predicted by the s tan d ard  model,
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I SM =  -1 .0 8 .
We have used sin2 6w  =  0.23 for the SM calculation. Also for comparison, 
experim ent E225 measured an interference coefficient of
/ E225 =  -1 .0 7  ±  0.17(sfaZ.) ±  0.11(sysf.).
Finally, we can calculate a value for sin2 # ^ ,  where 9w  is the Weinberg 
angle or the weak mixing angle of the s tandard  model. For our analysis, we 
obtain
sin2 0W =  1/2 -  1/4  =  0.28 ±  0.06, 
which should be com pared to the SM value of 0.23.
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CH APTER 9
C O N C LU SIO N
In th is  chapter vve present a brief sum m ary of th e  results. VVe then suggest 
some im provem ents for future analyses. Finally, we discuss the  prospects of 
neutrino-electron elastic scattering m easurem ents a t ORLaND. a proposed 
neutrino experim ent.
9.1 S u m m ary o f R esu lts
From our final beam-excess sample of 228 ±  19 events, we a ttr ib u te  95±10 
events to  neutrino induced backgrounds thus ob tain ing  133 ±  22 events due 
to the uee~ elastic scattering reaction. Using th is  num ber, we calculate a 
cross section of
crUi,e-  =  [11.6 ±  1.9(sfaU) ±  l.4(syst.)] x £7^ e(MeV) x 10-4ocm 2
for the  uee~ —> uPe~ reaction. The average energy of the  incident i/e beam at 
LSND is 31.7 MeV.
This value is consistent, within errors, w ith a  previous m easurem ent by 
experim ent E225 [39],
<r%2-  = [9-9 ±  l.o {stat.) ±  l.Q(syst.)] x £„e(MeV) x 10"45cm 2.
It also lies w ithin 1 standard-deviation of the s tan d a rd  model value.
=  9.5 x EV'(M e V )  x 10_45cm 2.
143
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T he uee~ —> uee~ reaction can proceed through both charged current and 
neutral current channels. T he s tan d ard  model of electrow eak interactions 
predicts a destructive interference between the two channels. We calculate 
the streng th  of the interference effect.
/  =  -0 .8 8  ±  0.22(sfaf.) ±  0.11(sys*.).
This effect is unarguably destructive  and is w ithin 1 s tandard-dev ia tion  of 
the value predicted by the s tan d ard  model.
I SM =  -1 .0 8 .
For com parison, experim ent E225 has calculated a value of 
[£225 _  _ LQ7 ±  0 .i7 (s faf.) ±  0.11(sysf.).
Finally, we calculate a value for 6 w - the W einberg angle or the  weak 
mixing angle of the standard  m odel. We measure
sin2 9w  =  0.28 ±  0.06.
which also lies within 1 standard-dev iation  of 0.23, its curren tly  accepted 
value.
9.2 Im provem ents for Future A n alyses
Future analyses of the uee~ —> vt e~ reaction at LSND can hope to reduce 
both sta tistica l and system atic errors in their cross section m easurem ent. Let 
us discuss statistical errors first.
Fig. 9.1 shows the cosO  d istribu tion  for our final sam ple of beam-excess 
events. The sam e distribution for th e  beam-off sam ple is shown in Fig. 9.2.
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Notice th a t the  beam -excess events a ttrib u tab le  to the elastic sca tte ring  pro­
cess are bunched in th e  forward direction whereas the  d istribu tion  for the  
beam-off events, which are produced by cosmic-ray in teractions, is roughly 
flat. By m aking a tig h te r cut in cos 0 .  one can reduce the  C R  background 
while only reducing the  acceptance for the uce~ elastic sca ttering  process by 
a sm all am ount. Thus by choosing a c o s0  cut judiciously one can reduce 
the  statistical error.
C<u
>
40
30
0 .96 3.98
Cos©
Figure 9.1: The cos 0  d istribution  for the sam ple of beam-excess events, the 
expected d istribution  is shown by the shaded region.
The reason we do not make a tigh ter cut than  cos 0  >  0.9 for the  present 
analysis is th a t, currently, we rely only on the  detector sim ulation to  obtain  
our inform ation abou t cos 0 .  Although the expected cos 0  d is tribu tion  seems 
to describe the beam -excess events fairly well in Fig. 9.1, we choose a  con-
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Figure 9.2: The cos© distribution for beam -off cosmic-ray events.
servative cos 0  cut which lies well below the  falling edge of the distribution. 
This lim its our error in the acceptance for th e  cos 0  cut.
However, the  LSND collaboration will eventually  have a new indepen­
dent check of the angle reconstruction procedure and thus a  check of c o s0 . 
A second event reconstruction procedure was used to analyse data for the 
DIF oscillation search [54, 55]. This procedure calculates the  likelihood for 
the observed PM T charge and tim ing d istribu tion  as a function of event po­
sition. event direction and energy. The reconstruction values are provided by 
the set of those event param eters for which the  likelihood function is m ax­
imized. This procedure is different from the  current event reconstruction 
procedure which mainly relies on tim ing inform ation from the PM Ts. It is
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thus hoped th a t the  new reconstruction will provide an independent check of 
the current one. One can then com pare the  d irection  inform ation from both 
reconstructions to gain a b e tte r understanding of cos 0 .  D etector sim ulation 
studies using the new reconstruction, in fact, im ply an im proved angular res­
olution which could translate  into a more sharp ly  peaked cos 0  d istribution  
for the elastic scattering events.
Turning to  system atic errors, we quote a  5.9% error in the  acceptance of 
the dis t  cu t. T he new reconstruction procedure could possibly shed some 
light on th e  “pushing o u t” effect described in C hap ter 6, Section 6.5.1. This 
could hopefully lead to a lowering of this error. Also once the  flux for 1996 
and 1997 d a ta  is calculated using the modified beam  M onte Carlo sim ulation 
program , the system atic error for the to ta l flux calculation will be lowered 
from 7.5% quoted in our analysis to 7%. We expect th a t it will take one or 
two years to com plete all these improvem ents.
9.3 Future E xperim ents
The O ak Ridge Large N eutrino D etector (O RLaN D ) collaboration is 
proposing a neutrino experim ent at the newly proposed Spallation Neutron 
Source (SNS) at Oak Ridge National Laboratory. T he proposed detec to r is 
larger than  LSND and so is the  expected neu trino  flux. Thus the ORLaND 
collaboration hopes to collect approxim ately 100 tim es more d a ta  th an  LSND 
for the sam e tim e duration. This will allow one to  m easure the cross section 
for the uee~ —> uee~ reaction w ith great s ta tis tica l precision.
Also, m ore im portantly, the  fast beam  spill a t ORLaND allows one to 
separate neutrino-electron elastic scattering events due to  the  prom pt
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flux (-V"**) from those events due to  a com bination of ue and uu ( N v* +
One can determ ine sin2 Ow by m easuring the ratio.
,V"m 
N u'- -f '
The accuracy of the  sin2 Qw calculation is then lim ited only by th e  sta tistica l 
error in jV"** because, for th e  ra tio , system atic errors in flux calculation and 
electron acceptance cancel. Also, due to  fast beam  tim ing  one expects a  neg­
ligible cosmic-ray background a t O RLaN D, allowing one to  relax m any of the  
cuts discussed here. T he  ORLaN D  collaboration expects to  m easure sin2 Qw 
with an accuracy of b e tte r  than  1%. This m easurem ent com plim ents exist­
ing sin2 Qw m easurem ents as it is m easured using purely leptonic processes 
at com paratively low transfers of m om entum .
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